Carbon nanotubes (CNTs) have received considerable attention in the field of electrochemical sensing, due to their unique structural, electronic and chemical properties, for instance, unique tubular nanostructure, large specific surface, excellent conductivity, modifiable sidewall, high conductivity, good biocompatibility, and so on. Here, we tried to give a comprehensive review on some important aspects of the applications of CNT-based electrochemical sensors in biomedical systems, including the electrochemical nature of CNTs, the methods for dispersing CNTs in solution, the approaches to the immobilization of functional CNT sensing films on electrodes, and the extensive biomedical applications of the CNT-based electrochemical sensors. In the last section, we mainly focused on the applications of CNT-based electrochemical sensors in the analysis of various biological substances and drugs, the methods for constructing enzyme-based electrochemical biosensors and the direct electron transfer of redox proteins on CNTs. Because several crucial factors (e.g., the surface properties of carbon nanotubes, the methods for constructing carbon nanotube electrodes and the manners for electrochemical sensing applications) predominated the analytical performances of carbon nanotube electrodes, a systematical comprehension of the related knowledge was essential to the acquaintance, mastery and development of carbon nanotube-based electrochemical sensors.
Introduction
Carbon nanotubes (CNTs) have become the subject of intense researches in the last decades because of their unique properties and the promising applications in any aspect of nanotechnology. Because of their unique one-dimensional nanostructures, CNTs display fascinating electronic and optical properties that are distinct from other carbonaceous materials and nanoparticles of other types. CNTs are widely used in electronic and optoelectronic, biomedical, pharmaceutical, energy, catalytic, analytical, and material fields. Particularly, the properties of small dimensions, functional surfaces, good conductivity, excellent biocompatibility, modifiable sidewall, and high reactivity make CNTs ideal candidates for constructing sensors with high performances. As an example, CNTs have been extensively employed in constructing various electrochemical sensors. Compared with the conventional scale materials and other types of nanomaterials, the special nanostructural properties make CNTs have some overwhelming advantages in fabricating electrochemical sensors, including (i) the large specific area producing high sensitivity; (ii) the tubular nanostructure and the chemical stability allowing the fabrication of ultrasensitive sensors consisting of only one nanotube; (iii) the good biocompatibility that is suitable for constructing electrochemical biosensors, especially for facilitating the electron transfer of redox proteins and enzymes; (iv) the modifiable ends and sidewalls providing a chance for fabricating multifunctioned electrochemical sensors via the construction of functional nanostructures; (v) the possibility of achieving miniaturization; (vi) the possibility of constructing ultrasensitive nanoarrays.
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In fact, since the first application of CNTs in electrochemistry by Britto et al. [1] , numerous works have dealt with the construction of electrochemical sensors by CNTs and the subsequent applications. Generally, the replacement of ordinary materials by CNTs can effectively improve the redox currents of inorganic molecules, organic compounds, macrobiomolecules or even biological cells and reduce the redox overpotentials. The electron transfer and the direct electrochemistry of redox proteins at CNT-based electrochemical sensors were also widely reported. Due to the well-defined structure, the chemistry stability and the electrocatalytic activity toward many substances, CNTs are also extensively used as the carrier platforms for constructing various electrochemical sensors. The promising applications of CNTs have been reviewed by several authors [2] [3] [4] [5] [6] . Instead of covering all aspects of CNT applications in electrochemistry, this review is restricted to electrochemical sensors based on tradditional electrochemical methods (e.g., voltammetry and amperommetry), and does not cover other methods like potentiometry, impedance spectroscopy and piezoelectricity. It not only pays attention to the principle, the fabrication and the biomedical applications of various CNT-based electrochemical sensors but also attempts to focus on the fundamental electrochemical knowledge of CNTs.
Electrochemical Properties of Carbon Nanotubes
The electrochemical qualities of carbon material-based electrodes are significantly dependent on the surface properties as the creation of specific surface functional groups (especially oxygen-containing groups) can considerably increase the rate of electron transfer (ET) [7] . Based on their specific structures, two distinct surface regions exist in carbon nanotubes (CNTs): the sidewalls and the ends. Since carbon nanotubes can be seen as the graphene sheets rolled into tubes, the electrochemical properties of carbon nanotubes are comparable to the basal planes of pyrolytic graphite (bppg). For intact carbon nanotubes, the defectfree structure makes the whole tubes possess almost the same properties to that of bppg except that the cap regions may be more reactive due to the much higher curve strain than the sidewall. The opening of the ends by physical/chemical treatments on carbon nanotubes produces a variety of oxygen-containing groups, which possess the properties similar to the edge places of bppg [8] .
Due to the simple and well-defined responses at carbon materials, the Fe(CN) 6 3− /Fe(CN) 6 4− couple has been widely used to characterize the surface properties of all kinds of carbon electrodes. Similarly, the electrochemical properties of carbon nanotube-based electrodes are generally investigated by Fe(CN) 6 3− /Fe(CN) 6 4− as the probe. Nugent et al. [9] compared the electrochemical behaviors of aligned bundles of carbon nanotubes with other carbon electrodes of similar structures. The results indicated that Fe(CN) 6 3− /Fe(CN) 6 4−
showed an ideal redox peak separation (ΔE p ) of 59 mV at the aligned multiwalled carbon nanotubes (MWNTs). In comparison, they reported ΔE p of more than 100 mV and 700 mV for the basal planes of highly oriented pyrolytic graphite (HOPG) with and without electrochemical pretreatments, respectively. Whereas, ΔE p of about 70 mV was observed at the edge planes of HOPG. In contrast to the ideal response reported by Nugent et al. [9] , Li et al. [8] observed much larger ΔE p at single-walled carbon nanotube (SWNT) papers (ΔE p = 96 mV) and at aligned MWNTs with heat pretreatment to remove impurities like amorphous carbon and catalyst (ΔE p = 230 mV). Particularly, for aligned MWNTs, the apparent electron transfer rate (as indicated by ΔE p ) was found to correlate with both the area of the exposed sidewalls (with graphite basal-planelike properties) and the density of graphite edge-planelike defects, that is, the electrochemistry of the probe was also influenced by the sidewalls of the nanotubes. They attributed the small ΔE p at the SWNT paper to the promoted electron transfer by the oxygen-containing defects produced during the acid purification step for preparing the papers. Recently, the fundamental electrochemical properties of inherently hydrophobic MWNT electrodes and acid-treated MWNTs were reported by Papakonstantinou et al. using AC impedance spectroscopy and cyclic voltammetry (CV) [10] . Slow electron transfer kinetics with ΔE p larger than 200 mV and an electron transfer resistance of about 370 Ω were observed on pristine MWNTs, close to the results reported by Li et al. at aligned MWNTs [8] . However, acid treatment was found to significantly improve the electron transfer kinetics of Fe(CN) 6 3− /Fe(CN) 6 4− redox couple, approaching almost reversible ET kinetics. They believed that the acid treatment modified the charge carrier density at the surface by introducing surface states and served to facilitate electron transfer. The better wetting properties of functionalized CNTs and the higher local density of states as compared with untreated MWNTs were regarded responsible for favoring faster ET kinetics. In a word, the intact CNT sidewalls resemble the basal planes of pyrolytic graphite and can be regarded electrochemically inert to electroactive species. The apparent improved electron transfer at the intact nanotube sidewalls is attributed to the higher stains than the basal planes. As for the opened caps, the presence of defects and oxygen-containing functional groups makes them possess similar electrochemical properties to those of edge planes of pyrolytic graphite. The introduction of edge-like defect sites and oxygen-containing functional groups at both the caps and the sidewalls by chemical or physical treatments can significantly improve the electrochemical properties of CNTs by changing the electronic structures, the surface states and the wettability of the sidewall, reflected by the apparently facilitated electron transfer kinetics.
The critical roles of defect sites and oxygen-containing groups on the electrochemical performances of CNT-based electrodes have been proved by several fundamental research works [11] [12] [13] [14] . Compton et al. [12] compared the oxidative behaviors of reduced β-nicotinamide adenine dinucleotide (NADH), epinephrine (EP) and norepinephrine (NE) that were widely used to verify the so-called "electrocatalytical properties" of CNTs at CNT-and graphite powdermodified basal plane pyrolytic graphite electrodes. They found both the nanotube-and graphite powder-modified electrodes show that electrocatalytical activities toward these species, with enhanced currents and reduced peak-to-peak separations in comparison with the naked basal plane pyrolytic graphite. Moreover, the electrocatalytic activity of CNTs toward hydrogen peroxide was approvded to arise from the residual catalyst of iron instead of CNTs themselves [15] . Based on this, they recommended that the catalytic properties should be cautiously assigned to carbon nanotubes. Further, they explored the origin of catalytic properties of CNTs by comparing the voltammetric behaviors of ferricyanide and epinephrine at different chemically modified pyrolytic graphite electrodes [11, 13] . The results indicated that these species exhibited similar behaviors at the C 60 film-modified bppg electrode and at the naked bppg electrode [13] . Whereas, the response at the CNT film-modified electrode was close to that at the edge plane pyrolytic graphite electrode [11, 13] (Figure 1 ). They concluded that the basis of the electrocatalytic nature of MWNTs was suggested to reside in electron transfer from the edge-plane-like defect sites at the open ends of nanotubes, which structurally resembled the behavior of edge plane (as opposed to basal plane) graphite. Latter, Gooding et al. [14] demonstrated the critical role of oxygencontaining groups on the electrochemical properties of CNT-based electrodes using randomly orientated nanotube films by a simple casting method and vertically aligned nanotubes by a self-assembled method. In fact, a pair of redox couple located at around 0.0 V in neutral media was usually observed at acid-treated CNT-based electrodes, which was attributed to the redox of the carboxyl groups by Li. et al. using XPS and infrared spectra (IR) [16] . In addition, the electrode process involved four electrons while the rate-determining step was a one-electron reduction. Our recent work indicated that both the hydrophobic structural defect sites and the hydrophilic oxygen-containing groups were the electroactive sites of CNTs [17] . That is to say, the surface property of CNTs could be conveniently designed by simple pretreatments for optimizing the adsorption and the electrochemical response of analytes. For instance, the hydrophobic defect sites created during the growth or the workup of CNTs were favorable to the adsorption and the electrochemical response of hydrophobic analytes, while the hydrophilic oxygen-containing groups produced by acid treatments facilitated the stable adsorption and the direct electrochemistry of redox proteins. As a result of the strong intertube interactions, CNTs generally existed as highly tangled ropes and were insoluble in almost all solvents, which greatly hindered their practical applications. In addition, as-produced SWNTs, regardless of the production procedure, usually contain amorphous carbon, carbon nanoparticles and residues from the metal catalysts. To overcome these limitations and to create defect-like sites and oxygen-containing groups on CNTs that favored the electrochemical properties of CNTs, as-received CNTs were usually treated by chemical methods using oxidative, such as refluxing in dilute nitric acid or refluxing/sonication in a concentrated H 2 SO 4 /HNO 3 mixture [19] . These treatments, by generating surface defects and sometimes resulting in tube shortening, can provide abundant carboxylated sites along the nanotube surface and the shortened tube ends [19] [20] [21] . During these processes, nitric acid molecules or NO x residues can intercalate SWNTs [22] and lead to changes in the Raman spectra of SWNTs by doping [23] , which can be deintercalated by thermal annealing treatments in vacuum or argon along with the removal of most defect-like sites on CNTs [24] . A typical example of the annealing treatment effect on the defect sites of CNTs was reported by Kuznetsova et al. using transmission IR spectra ( Figure 2 ) [18] . It is clear that the oxygen-containing groups on the defect sites can be effectively eliminated with annealing treatment. Whereas, the defect sites are not removed by this method, that is, the annealing treatment cannot restore the perfect structure of CNTs. The annealing effects on the electrochemical properties of CNT-based electrodes were investigated by Barisci et al. [25, 26] . They found that thermal annealing produced significant changes in a range of properties of the material including increased hydrophobicity and elimination of electroactive surface functional groups. The activation of CNTs was also achieved by electrochemical methods. Wang et al. [27] explored the electrochemical activation of MWNTs from different sources by anodization treatment. They found that while the anodic pretreatment resulted in a dramatic improvement in the electrochemical reactivity of the ARCproduced CNTs, CNTs produced by chemical vapour deposition (CVD) appeared to be resistant to the anodic activation. These differences in the effect of the electrochemical pretreatment were attributed to the anodic preanodization effectively "breaking" the basal-plane end caps of ARC-CNTs thereby exposing edge plane defects, similar to those already present in the open-end caps of CVD-CNTs. The electrochemical activation of as-grown CNTs ensembles in 1.0 M NaOH was also achieved by Lin et al. [28] by applying a bias at 1.5 V for 90 seconds. After electrochemical treatment, some functional groups (e.g., carboxylic acid) were created at the CNTs ends, which were further utilized to immobilize proteins using standard water-soluble coupling agents 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysulfo-succinimide (sulfo-NHS) by forming amide linkages between their amine residues and the carboxylic acid groups on the CNTs ends.
Fabrication of Carbon Nanotube-Based Electrochemical Sensors
Since their first application in electrochemistry by Britto et al. [1] , numerous papers dealing with the use of CNTs as electrodes have been reported. The major problem on the promising applications of CNTs in electrochemical sensors is the immobilization of activated CNTs on the electrode surface because CNTs generally exist as highly tangled ropes and are insoluble in almost all solvents, which greatly hinder their capacity of forming uniform and stable films. To overcome this deficiency, CNTs are firstly dispersed or dissolved in various solutions or suspensions and immobilized on the surfaces of various substrates by physical or chemical methods. This section focuses on the introduction of some typical immobilization methods of CNTs on electrode surfaces that are widely used in constructing CNT-based electrochemical sensors.
Solvent Dispersion and Casting Immobilization.
The most widely used methods for fabricating CNT-based electrochemical sensors are the approaches that involve the dispersing of CNTs in a certain solvent with sonication after their purification and activation pretreatments, followed by dropping the resultant suspensions on the electrode surfaces and allowing to dry (i.e., the casting methods). Among the reported solvents, N,N-dimethylformamide (DMF) is the most extensively used polar solvent and more than half of the papers deal with CNT-based electrochemical sensors using DMF as the dispersing solvent [16, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . There are also some other solvents used to prepare CNT suspensions, including water [43] [44] [45] [46] [47] [48] , acetone [49] [50] [51] [52] [53] , ethanol [54] [55] [56] and even toluene [57, 58] . However, compared with these solvents, DMF has some overwhelming advantages for dispersing CNTs, for example, much higher solubility, stability and exfoliation efficiency. The debundling and dissolution of SWNTs in DMF and N-methyl-2-pyrrolidone (NMP) have been systematacially investigated by Furtado et al. [59] . Compared with other approaches, the solventdispersing methods of CNTs inevitably suffer from some disadvantages, such as low solubility, low stability and low exfoliation efficiency, due to the rather weak interactions between these solvents and CNTs. The predominance of these methods is their simplicity, convenience and no need of other additives, which makes them suitable for using as the foregoing step in multistep fabrications of complex CNTbased electrochemical sensors.
Additive-Assisted Dispersion and Immobilization.
To improve the solubility and stability of CNTs in their suspensions, various additives are added into solvents to assist the dispersion of CNTs, such as surfactants and polymers. The structures of these species are shown in Figure 3 .
3.2.1. Nafion. As a typical cationic ion exchange resin, Nafion has been used extensively for the modification of electrode surfaces and for the construction of amperometric biosensors, due to the unique ion-exchange, discriminative, and biocompatibility properties [60, 61] . It is clear from Figure 3 (a) that Nafion contains two different regions: the hydrophobic polymer backbone and the ionized hydrophilic Journal of Sensors sulfonate groups outside the hydrophobic region. This special amphiphilic structure makes Nafion bear the capacity of combining with CNTs by hydrophobic interactions between the hydrophobic backbone of Nafion and the sidewall of CNTs as well as dispersing them in solutions by the hydrophilic groups. The dispersion of CNTs in Nafion solutions with sonication was firstly reported by Wu et al. and used for the selective determination of dopamine (DA) via the elimination of potential interferences from negatively charged uric acid (UA) and ascorbic acid (AA) by the Nafion film [62] . Later, Wang et al. systematacially studied the dispersion of CNTs in Nafion solutions and used this system to construct glucose electrochemical biosensors based on the electrocatalytic action toward hydrogen peroxide (H 2 O 2 ) [63] . Since then, many works focused on the construction of CNT-based electrochemical sensors by this method, including the direct determination of DA [64, 65] , nitrophenol [66, 67] , cadmium ion [68] , carbohydrates [69] and homocysteine (HcySH) [70] , and the fixation of glucose oxidase (GOx) [71] , copper (Cu) [72] and platinum (Pt) nanoparticles [73] for constructing glucose electrochemical sensors as well as the electrodeposition of nickel (Ni) for analysis of amino acids in flow injection analysis (FIA) [74] .
Surfactants
(1) Water-Soluble Surfactants. Since the report by Abatemarco [75] , sodium dodecyl sulphate (SDS) (Figure 3(b) ) has been widely used to prepare stable suspensions of purified SWNTs in water with the aid of sonication. The mechanism for the dissolution of SWNTs in SDS aqueous solutions is well investigated. The common agreement is that the encapsulation of SWNTs in SDS micelles and the repulsive interactions between negatively charged SDS micelles account for the stable suspension of SWNTs in solution. The reports on the applications of SDS-dispersed CNTs in electrochemical sensors are rare, due to the rather weak adsorption of SDS-CNT composites on the smooth surfaces of conventional solid electrodes and the unstable films prepared from this suspension. However, Chen et al. prepared a SWNT modified carbon fiber nanoelectrode (CFNE) for the sensitive determination of DA from the suspension of SWNTs in SDS aqueous solution [76] . The achievement of this successful preparation might arise from the strong adsorption of SWNTs on the porous and hydrophilic surface of CFNE. The interaction between the oxygen-containing groups on acid treated SWNTs and on the CFNE pretreated by burning in air might also contribute to the strong attachment of SWNTs on CFNE.
The suspension of CNTs in cetyltrimethylammonium bromide (CTAB) (Figure 3 (c)) aqueous solution was used by Cai et al. to prepare CNT-based hemoglobin (Hb) electrochemical biosensors [77] . The suspension of CNTs was mixed with the phosphate buffer solution (PBS) containing Hb and fixed on the surface of a glassy carbon electrode (GCE) by a Nafion coating, resulting in the direct electrochemistry of Hb. Similary, the direct electrochemistry of GOx was achieved at similar electrochemical biosensors and used for the determination of glucose [78] .
(2) Water-Insoluble Surfactants. Besides the Nafion dispersing system of CNTs, Wu et al. also developed another CNT dispersing system on the basis of the stable dispersion of CNTs in the aqueous solution of dihexadecyl hydrogen phosphate (DHP) (Figure 3(d) ) [79] . Different from SDS and CTAB, DHP consists of two hydrophobic tails and a dissociable phosphate group. This special structure enables DHP to form stable and homogeneous suspensions in water, which can be cast on the electrode surfaces to prepare stable and uniform films. Based on the hydrophobic interactions between the hydrophobic tails of DHP and the sidewall of the nanotubes as well as the possible interactions between the phosphate groups on DHP and the oxygen-containing groups on acid-treated CNTs, MWNTs were dispersed in the aqueous suspension of DHP with sonication, resulting in the formation of a stable and homogeneous aqueous suspension of DHP and CNTs. The casting of the suspension of DHP and MWNTs on the electrode surface produced CNT-based electrochemical sensors that showed excellent electrochemical activity toward many species, such as hormone [80] [81] [82] , drugs [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] , biomolecules [79, [94] [95] [96] [97] [98] [99] , and heavy metal ions [100, 101] . Figure 3(e) ), which displays excellent filmforming ability, high water permeability, good adhesion, and susceptibility to chemical modifications due to the presence of reactive amino and hydroxyl functional groups. Jiang et al. firstly reported the stable dispersion of CNTs in the acidic aqueous solutions of CHIT with sonication and used to the simultaneous determination of DA and UA [102] . The special interaction between CHIT and CNTs was characterized by Zhang et al. [103] . They demonstrated by thermogravimetric analysis (TGA) that CHIT might be adsorbed onto CNTs and form a special CHIT-CNT system, which can be precipitated from the solutions by the addition of concentrated salts or the adjustment of solution acidity. The selective interaction between CHIT and CNTs also provided a possible approach for separating CNTs from carbonaceous impurities. Based on the derivation of the reactive groups on CHIT, they developed a CNT-based glucose electrochemical biosensor, which might be applied to a large group of dehydrogenase enzymes for the designing of a variety of bioelectrochemical devices (e.g., sensors, biosensors, biofuel cells). In fact, the solubilization of CNTs in aqueous solutions by polysaccharides has been reported previously by Star et al. using starch as the dispersing agent [104] . They found that common starch, provided it is activated toward complexation by wrapping itself helically around small molecules, would transport SWNTs competitively into aqueous solutions, and that the process was sufficiently reversible at high temperatures to permit the separation of SWNTs in their supramolecular starch-wrapped form by a series of physical manipulations from amorphous carbon.
Chitosan. Chitosan (CHIT) is a polysaccharide biopolymer (
Based on their previous work [102] , Jiang et al. applied the CHIT-CNT system for the direct determination of nitrite [38] , the simultaneous detection of UA and NE [105] , and the selective determination of DA in the presence of AA [106] . Another marvelous work on the simultaneous electrodeposition of CHIT-CNTs on gold electrodes was reported by Chen et al. [107] . The typical electrodeposition procedure was expressed as follows: a pair of polished and cleaned gold electrodes (diameter 2.0 mm, separation of about 0.5 cm) was connected to a direct current power supply (3.0 V) and dipped into the CNT-CHIT solution (pH 5.0); H + in the solution was reduced to H 2 at the cathode, and the pH near the cathode surface gradually increased; as the solubility of CHIT was pH-dependent, when the pH exceeded the pKa of CHIT (about pH 6.3), CHIT became insoluble and the CHIT entrapped CNTs would deposit onto the cathode surface as a result. Based on this, they developed a glucose electrochemical biosensor through the codeposition of GOx with CHIT-CNTs. This simple and controllable electrodeposition method overcomes the major obstacle for preparing CNT-based biosensor systems and expands the scope of electrochemical devices based on CNTs. However, this method might suffer from some inevitable disadvantages, for example, the using of high potential bias (3.0 V) might influence the quality of the substrate electrodes and the bubbling of H 2 produced during the electrolysis process might influence the uniformity of the deposited films.
Polyethyleneimine.
As a positively charged polyelectrolye, polyethyleneimine (PEI) (Figure 3(f) ) was also extensively employed as an efficient additive for the dispersion of CNTs in aqueous solutions. The resulting PEI-CNT composite was proved to have good stability and biocompatibility [108] . Based on the reactivity of amino groups on PEI, the noncovalent or covalent modification of CNTs by PEI provides a simple approach to the further surface functionalization of CNTs by quantum dots [109] , metal nanoparticles [110, 111] . PEI-functionlized CNTs are a useful nanocomposite in electromistry and electroanalytical chemistry. For instance, based on the interactions between PEI and GOx as well as the strong adsorption of PEI on MWNTs, Ivnitski et al. proposed a GOx anode for biofuel cell by using PEI as the binder for grafting Gox on the surface of MWNTs [112] . Similarly, Rivas et al. developed an electrochemical sensor for the sensitive determination of ascorbic acid, dopamine, 3,4-dihydroxyphenylacetic acid (dopac) and hydrogen peroxide [113] , on the basis of the stable suspension of CNTs in PEI aqeous solution and the surface modification of a glassy carbon electrode (GCE) by the PEI-MWNT composite. Later, they employed this electrochemical sensor as the detector in flow systems to achieve highly sensitive detections of hydrogen peroxide, different neurotransmitters (dopamine (D) and its metabolite dopac, epinephrine (E), norepinephrine (NE)), phenolic compounds (phenol (P), 3-chlorophenol (3-CP) and 2,3-dichlorophenol (2,3CP)) and herbicides (amitrol), with sensitivities enhancements of 150 and 140 folds compared to GCE for hydrogen peroxide and amitrol, respectively [114] . [120] . In contrast to the conventional sol-gel or CNT-based electrochemical sensors, the electrochemical response of these electrodes can be conveniently tuned from that of conventional scale electrodes to that of microelectrodes by just varying the content of MWNTs in the composites. Besides silica-based sol-gel, the preparation of CNT-redox polymer hydrogel composite films was also reported recently by Joshi et al. [121] . By incorporating enzyme modified SWNT into PVP-Os polymer hydrogel, the sensor's current output was increased for 2-3 times. • C), strong electrostatic field, wide electrochemical potential range (i.e., RTILs remain stable at potentials even higher than 5 V), relative air and water stability, high polarity, favorable viscosity and density as solvents, high thermal stability (i.e., decomposition temperature might be higher than 400
• C), and the ability of solvating a wide range of species including organic, inorganic, and organometallic compounds by varying the R group in RTILs. These special properties make them have promising applications in green chemistry (including synthesis, catalysis and biocatalysis), functional materials (e.g., photoelectrical materials and lubricate materials), energy science, environment science, and so on. Recently, Zhao et al. [122] proposed a novel strategy for investigating the electrical-ionic properties of RTILs and carbon composite materials formed by mixing a water-insoluble RTILs (1-butyl-3-methylimidazolium hexafluoro-phosphate, [bmim]PF 6 ) (Figure 3(g) ) and carbon materials of two types: one was MWNTs with a tube shape and the other was mesocarbon microbeads (MCMBs) with a bead shape ( Figure 5 ). The hybrid MWNT/RTIL and MCMB/RTIL materials showed a different conductivity mechanism determined by ac impedance technology. The RTIL and carbon composite materials can also be used to act as modifiers in the direct electrochemistry of protein and to catalyze the reduction of O 2 and H 2 O 2 . Later, Zhang et al. [123] developed an RTILs supported three-dimensional network SWNT electrode. In that work, large quantities of SWNTs were considerably untangled in RTILs so as to greatly increase the effective area of the electrode. Nsuccinimidyl acrylate (NSA), as a model monomer, was dissolved in the supporting RTILs and was electrografted onto SWNTs (SWNT-poly-NSA). Then, GOx was directly covalently anchored on the SWNT-poly-NSA assembly. More recently, Zhao et al. [124] prepared an RTIL-CNTmodified GCE by grinding the mixture of an RTILs (1-octyl-3-methyl imidazolium hexafluorophosphate, OMIMPF 6 ) ( Figure 3(f) ) and MWNTs on a certain weight ratio and casting the resulting black gel on the electrode surface, which was successfully used to the selective determination of DA in the presence of UA and AA.
3.2.7.
Proteins. The employement of proteins as functional biomaterials has been widely reported due to the excellent biocompatibility and the abundant derativie surface groups. As a kind of special amphiphilic biomacromolecues, proteins are proved to be capable of dispersing CNTs in water. Lin et al. firstly discovered that SWNTs are naturally proteinaffinitive in an aqueous ferritin solution, resulting in significant ferritin-SWNT conjugation and the solubilization of the nanotubes [126] . The conjugation can be further enhanced and stabilized in the presence of a coupling agent for amidation to promote the formation of covalent linkages. Later, Karajanagi et al. reported that a variety of proteins differing in size and structure, for example, bovine serum albumin (BSA), peroxidases from soybean and horseradish, trypsin, ferritin, and mucor javanicus lipase (MJL), were able to generate individual nanotube solutions by a noncovalent functionalization procedure [127] . Our recent work also demonstrated that glucose oxidase (GOx) can be grafted on the surface of MWNTs by a simple noncovalent functionalization to achive both the solubilization of MWNTs in water and the direct electrochemistry of GOx ( Figure 6 ) [125] . Morevoer, the oxygen-containing groups on MWNTs produced by acid treatments are crucial to the stable adsorption of GOx on MWNTs [128] . Since the protein-CNT hybride has the properities of both proteins and CNTs, it might have promising applications in various fileds like biomedical, material and analytical sciences.
Cyclodextrins.
Cyclodextrins (CDs) are crystalline, water soluble, and cyclic oligosaccharides built up of glucopyranose units (glucose units) and contain a relatively hydrophobic central cavity and hydrophilic outer surface. The soft cutting of SWNTs by CDs was firstly reported by Chen et al. [129] and then characterized by Chambers et al. [130] using adsorption and Raman spectra as well as differential scanning calorimetery (DSC). The results confirmed conclusively that γ-CDs and SWNTs did interact with each other in a fashion similar to that originally suggested by Chen et al. [129] , who proposed that CDs were absorbed at the surface of nanotube ropes by van der Waals forces. This result foretold the use of CDs for the chemical manipulation and processing of CNTs. Based on this, Luo et al. developed CD-CNT composite film-modified electrodes by dispersing CNTs in the aqueous solutions of either α- [131] [132] [133] or β-CD [134, 135] with sonication, which was used for the determination of NE [135] , UA [134] and thymine [131] , the selective determination of pnitrophenol [132] , and the simultaneous determination of DA and EP [133] .
3.2.9. Organic Dyes. Different from the above weak Van der Waals interactions between the dispersing agents and CNTs, conjugated organic compounds, especially organic dyes containing amino groups, can combine with CNTs via stronger π-π interactions to form much stabler hybrides, which leads to a much higher stability and solubility of CNTs in solution. Chen et al. firstly reported the strong adsorption of an amino-derivative pyrene on the sidewall of SWNTs via π-π interactions for the surface modification of SWNTs [137] . They foresaw that this noncovalent method might also hold the key to forming stable suspensions of functionalized SWNTs in solutions and open up the possibility of selfassembly of nanotubes with unperturbed sp 2 structures and electronic properties. Based on the strong π-π interactions between methylene blue and SWNTs, Yan et al. developed a simple noncovalent method for the dissolution of SWNTs in water [138] . The MB-functionalized SWNTs were positively charged and utilized to construct an electroactive multilayer of MB and SWNTs through a layer-by-layer assembling method, which showed excellent electrocatalytic activity toward the reduction of oxygen. Our group also proposed a simple noncovalent method for dissolving CNTs in water by Congo red (CR) (Figure 3 (h)), a negatively charged organic dye, based on the strong π-π interactions between CR and CNTs [136, [139] [140] [141] . This method had the merit of high solubility, stability and selectivity, and was able to dissolve a variety of CNTs, for example, pristine or acid-treated SWNTs or MWNTs. The resulting CR-functionalized CNTs (CNT-CR) had a unique property of forming uniform, compact but stable CNT films on various substrates when completely dried ( Figure 7 ), which had been proven to possess excellent electrochemical performances toward various substances, such as redox proteins [128] , drugs [140] , small biomolecules [141] , hormones [136] , and so on. The reversible adsorption of surfactants on the naked surface of CNT-CR conjugate also provided a simple approach to the further enhancement of the electrochemical response of hydrophobic species and the improvement of the antifouling capacity of the CNT sensing films [136] .
Self-Assembling Immobilization
3.3.1. Polyelectrolyte Assisted Self-Assembly. The applications of CNTs in electrochemical sensors by self-assembled methods were mainly achieved through the attachment of water-soluble polyelectrolytes on the sidewall of CNTs. The molecular design of strong SWNT/polyelectrolyte multilayer composites has been reported previously [143] . The typical polyelectrolyte used for preparing CNT-based electrochemical sensors by self-assembled methods was a cationic polyelectrolyte, poly(diallyl dimethyl ammonium) chloride (PDDA). The interaction between PDDA and CNTs has been systematacially investigated by Yang et al. [144] using XPS and photoacoustic Fourier transform infrared (PA-FTIR) spectroscopies. They found that the mild sonication of MWNTs in aqueous PDDA resulted in a significant improvement of CNT dispersibility and greatly enhanced their adhesion to Au and Si substrates. The MWNT-PDDA interaction was due to the presence of an unsaturated contaminant in the PDDA chain, as confirmed by both XPS and PA-FTIR, which entered into a π-π interaction with the CNTs. Electrostatic group repulsions of the coated CNTs then provided the dispersibility and adhesion. Guo et al. firstly reported the electrostatic assembly of calf thymus DNA on MWNT-modified gold electrode via PDDA and used this electrode to study the interaction between chlorpromazine chloride and DNA [44] . Soon, they also prepared a CNTbased amperometric cholesterol biosensor through layer-bylayer (LBL) deposition of PDDA and cholesterol oxidase (ChOx) on MWNT-modified gold electrode, followed by electrochemical generation of a nonconducting poly(ophenylenediamine) (PPD) film as the protective coating [145] . Zhang et al. fabricated multilayer films of shortened MWNTs that were homogeneously and stably assembled on GCE with the LBL method based on the electrostatic interaction of positively charged PDDA and negatively charged and shortened MWNTs (Figure 8 ), which were further applied to the electrocatalytic reduction of O 2 [142] as well as the selective determination of DA [146] . Recently, He et al. introduced a new fabrication of DNA-CNT particles using the LBL technique on SWNTs by the alternative deposition of PDDA and DNA on the water-soluble oxidized SWNTs [147] . The electrodes modified by the DNA/PDDA/SWNT particles were used as DNA sensors for the investigation of DNA damage by nitric oxide. The self-assembly of negatively charged poly(aminobenzenesulfonic acid) (PABS) on SWNTs was proposed by Liu et al. [148] , which was used for the assembly of a conducting polymer, polyaniline (PANT), on the surface of SWNTs. The obtained PANI/PABS-SWNT multilayer films were very stable and showed high electrocatalytic ability toward the oxidation of NADH at a much lower potential (about +50 mV versus Ag|AgCl). Lenihan et al. proposed a protocol for immobilizing alkaline phosphatase on the surface of MWNTs utilizing an LBL methodology. They firstly incubated CNTs with streptavidin to form a protein layer on the surface of the nanotubes and then attached biotinylated alkaline phosphatase to streptavidin, anchoring the sensing protein onto the surface of CNTs, which was used to the determination of 1-naphthyl phosphate. Besides macromolecules, small conjugated molecules were also used for the construction of CNT-based electrochemical sensors. Yan et al. described and characterized the adsorption of electroactive methylene blue (MB) dye onto SWNTs to form an electrochemically functional nanostructure [138, 149] . They found that MB essentially interacted with SWNTs through charge-transfer and hydrophobic interactions, leading to the formation of an MB-SWNT adsorptive nanostructure, which exhibited distinct electrochemical properties from those of MB adsorbed onto GCE. The stable adsorption of water-soluble and positively charged MB molecules onto SWNTs was further demonstrated to be able to solubilize the formed nanostructure in water quite well and to fabricate a functional nanocomposite by LBL assembling of the formed narrostructure on a solid substrate. 
Direct Self-Assembly.
The negatively charged carboxyl groups on CNTs produced during the acid treatments provide two approaches for the direct self-assembling immobilization of CNTs on electrode surfaces: one is the covalent bonding of CNTs to cysteamine self-assembled monolayer (SAM) modified gold electrodes via the reaction of carboxyl groups on CNTs and amino groups on cysteamine SAM in the presence of coupling reagents; the other is the attachment of CNTs to electrode surfaces via the electrostatic interactions between negatively charged carboxyl groups on CNTs and the positively charged species on the electrode surfaces. The self-assembly of CNTs on a gold electrode was reported by Liu et al. [151] . They firstly cut as-grown nanotubes into short pipes and thiol-derivatized at the open ends by chemical methods. The ordered assembly of SWNTs was then made by their spontaneous chemical adsorption to gold via Au-S bonds. They found that the nanotubes were organized on gold, forming a self-assembled monolayer structure with a perpendicular orientation, and the adsorption kinetics of the nanotubes was very slow in comparison to conventional alkanethiols. Different from the work by Liu et al. [151] , Gooding et al. fabricated an aligned CNTs array for the direct electrochemistry of microperoxidase MP-11 via a three-step procedure [150] (Figure 9 ). Later, they applied this method to GOx and also accomplished the direct electron transfer between the electrode and the redox active centre of GOx, flavin adenine dnucleotide (FAD) [152] . Recently, Xu et al. fabricated an MWNT monolayer modified gold electrode by a similar method and achieved the direct electrochemistry of horseradish peroxidase (HRP) physically adsorbed on the surface of MWNTs [153] . In contrast to the covalent methods for attaching CNTs to cysteamine modified gold electrodes, Qu et al. [154] attached acid-treated SWNTs to cysteamine modified gold electrodes via electrostatic adsorption. Chattopadhyay et al. also developed another method for preparing aligned CNT arrays on the surface of ordinary pyrolytic graphite (PG) electrodes from randomly dispersed CNTs by using a Nafion solution [155] . Based on the successful fabrication of the CNT arrays on the electrode surfaces, proteins like HRP were either covalently attached [156] or physically adsorbed [157] onto the end of the CNT arrays and achieved their electroanalytical applications.
Carbon Nanotube Paste Electrodes.
CNT paste electrodes (CNTPEs) refer to the paste electrodes made up of liquid binder and CNTs. CNTPEs retain the properties of the classical carbon paste electrodes (CPEs) such as the feasibility to incorporate different substances, the low background currents, the wide potential range, the easy renewal and composite nature. CNTPEs also preserve the unique electrochemical properties of CNTs, like the ability to promote electron-transfer reactions of various species, especially for biomolecules. Compared with other methods for preparing CNT-based electrochemical sensors, CNTs in CNTPEs do not need any additional treatment (e.g., purification, modification or shortening treatment) and are suitable for all kinds of CNTs. Britto et al. [158] firstly reported a dramatic improvement in the electrochemical behavior of DA with ΔE p of 30 mV at nonactivated carbon nanotube electrodes constructed by using bromoform as binder. Davis et al. [159] further explored the possibility of using CNTs as the electrode materials. They achieved for the first time the direct electrochemistry of proteins at a CNTPE that was prepared from protein decorated CNTs by physical adsorption. The formal appellation "CNT paste" or "CNTP" electrode was firstly reported by Valentini et al. in 2003 [160] . In that work, they prepared CNTPEs by mixing SWNTs with mineral oil. Studies on the composition of the SWNT paste electrodes showed a different behavior, as compared to graphite paste electrodes (CPEs).
In the case of CPEs, the treatment of graphite powder with HNO 3 oxidation hardly changed the electrochemical properties of CPEs. As for CNTPEs, the HNO 3 oxidation treatment significantly improved the electrochemical activity of CNTPEs toward many electroactive substances, especially for small biomolecules. Later, Valentini et al. [161] further explored the various advantages of CNTPEs over conventional carbon paste (CP), Pt, and glassy carbon electrodes, such as a very low capacitance (background current) and fast electron transfer rates toward various redox couples, especially for two-electron quinonic structure species. Since then, more and more works focus on the preparation and applications of CNTPEs in electrochemical sensors, including the determination of amitrole [162] , HcySH [163] and DNA [164] at CNTPEs, the determination of carbohydrates at a copper particle incorporated CNTPE [165] , the determination of lactate, phenols, catechols, alcohols or glucose at enzyme incorporated CNTPEs [166, 167] , and the electrocatalytic oxidation of NADH at a 3,4-dihydroxybenzaldehyde (3,4-DHB) modified CNTPE [168, 169] . Using solid binders in preparing CNTPEs was also reported. Wang et al. prepared CNT/Teflon composite electrodes by the dispersion of CNTs within a Teflon binder [170] . The resulting CNT/Teflon material brought new capabilities for electrochemical devices by combining the advantages of CNTs and "bulk" composite electrodes, including the accelerated electron transfer, the minimization of surface fouling and surface renewability. [172] . In fact, the so-called PME is a combination of porous and microelectrode. Besides, PMEs have the properties of the thin layer cell to some extent. No binder is needed for preparing PMEs; this not only makes the preparation simple but also can prevent impurities and keep the powder material in its pristine state [172] . Liu et al. [173] firstly reported the immobilization of CNTs on PMEs by filling CNTs in the microcaves of PMEs through a simple rubbing operation. The resultant CNT-based PMEs (CNTPMEs) were further modified by Os(bpy) 3 2+ and used for the electrocatalytic determination of nitrite. Then, CNTPMEs were used for the determination of hydrazine [174] and cysteine (CySH) [175] , the direct electrochemistry of HRP [176] , and the studies on the electrochemical properties and scavenge of superoxide anion in aprotic media by Hu et al. [177] .
Carbon Nanotube Abrasively Modified Conventional
Scale Electrodes. The grinding immobilization of CNTs on the surface of conventional scale electrodes was firstly reported by Luo et al. [178] . In that work, a CNT-intercalated graphite electrode (CNT-IE) was fabricated by grinding with a suitable amount of CNTs powder. A thin CNT layer was formed on the graphite surface by intercalating CNTs into the soft graphite layers with the aid of mechanical force and also the action of chemical and physical adsorption. CNT-IE can effectively separate the oxidation potential of DA and AA, which was used for the simultaneous determination of DA and AA [178] and the selective determination of DA and serotonin (5-HT) in the presence of AA [179] . CNT-IE was further employed by Shi et al. to prepare an amperometric cholesterol biosensor by immobilizing of ChOx in sol-gel on a Pt-decorated CNT-IE [180] and a Ptdecorated CNT intercalated waxed graphite electrode [181] . Salimi et al. developed a CNT intercalated bppg electrode by gently rubbing the electrode surface of bppg on fine qualitative filter paper containing CNTs for 1 minute, which was used for the determination of EP [182] (Figure 10 ). Based on this electrode, they also prepared a glucose electrochemical biosensor by coating the CNT intercalated bppg electrode with a sol-gel composite film containing GOx [183] . Later, Salimi et al. produced a CNT intercalated GCE by immobilizing MWNTs on GCE that was preheated for 5 minutes at 50
• C through gentle rubbing of the electrode surface on a filter paper supporting CNTs, which was applied to the determination of morphine [184] , and thiols like thiocytosine, L-CySH, and glutathione (GSH) [185] . [188] . It is clear that in these two works, CNTs were used as the dopants in the polymers. Wang et al. reported a onestep preparation route of amperometric enzyme electrodes by incorporating the CNT dopant and the biocatalyst (e.g., GOx) in an electropolymerized polypyrrole film [189] . They found that the entrapment of CNTs had little effect upon the electropolymerization rate and redox properties of the resulting film, and the CNT dopants retained its electrocatalytic activity to impart high sensitivity and selectivity. Recently, we established a noncovalent method for the dissolution of MWNTs in water by a conjuaged organic dye, azocarmine B (ACB) [190] . The resulting ACB-MWNT mixture could be used for the immobilization of MWNTs on a glass carbon electrode by a simple electropolymerization method, which showed excellent electrochemical response toward the oxidation of nitric oxide (NO), an important radical molecule in life sciences.
Direct Growth.
Despite the randomly dispersed CNTs, well-aligned CNTs were also used for constructing electrochemical sensors. These CNT-based sensors were generally constructed from CNT ensembles directly grown from CVD methods. Based on their different density, aligned CNT electrodes have the electrochemical properties resembling conventional scale electrodes at high density or microelectrode arrays at low density. This section will introduce the fabrication of aligned CNT electrochemical sensors made up of these two kinds.
Dense Carbon Nanotube Forests
(1) Unmodified Carbon Nanotubes. The unmodified aligned CNT electrodes were typically constructed by two steps: the CVD synthesis and the transfer of the aligned CNT ensembles to various substrates. Sometimes, the prepared aligned CNT electrodes were further activated by electrochemical methods. Ye et al. developed an aligned CNT electrode for the selective determination of UA [191] . They found that compared to GCE, the CNT electrode catalyzed the oxidation of UA and L-AA, reducing the overpotentials by about 0.028 and 0.416 V, respectively, and resolved the overlapping voltammetric response of UA and L-AA into two well-defined voltammetric peaks in both cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Chen et al. developed a simple method for preparing ordered CNTs (OCNTs) in the nanopores of an alumina template membrane [192] . Ye et al. also reported a nonenzymatic glucose electrochemical sensor using aligned CNTs [193] . They firstly synthesized the aligned CNTs on a tantalum (Ta) plate and then attached the CNT ensembles to the surface of GCE using conductive silver paint. The CNT-based electrode was used without any further treatment. Compared to GCE, a substantial (+400 mV) decrease in the overpotential of the glucose oxidation reaction was observed at this electrode with oxidation starting at ca. +0.10 V (versus 3 M KClAg|AgCl).
(2) Modified Carbon Nanotubes. The modified aligned CNT electrochemical sensors were usually fabricated through the immobilization of functional species (e.g., biocatalysts like enzymes) by various methods. Soundarrajan et al. developed a simple pyrolytic method for largescale production of aligned CNTs arrays perpendicular to the substrate [194] . These aligned CNT arrays can be transferred onto various substrates of particular interest (e.g., polymer films for organic optoelectronic devices) in either a patterned or nonpatterned fashion. They further prepared aligned coaxial nanowires by electrochemically depositing a concentric layer of an appropriate conducting polymer onto the individual aligned CNTs, which were used for electrochemical sensing applications. On the basis of electropolymerization of some organic monomers, GOx was immobilized on the aligned CNTs to prepared CNTbased glucose electrochemical biosensors by Gao et al. using pyrrole [195, 196] , Loh et al. using 3,3 -diaminobenzidine (DAB) [197] , and Ye et al. using o-aminophenol [198] as the monomers. The physical adsorption of GOx on the naked [199] or the Pt decorated [200] surfaces of aligned CNTs were also employed for constructing glucose electrochemical biosensors. Recently, Ye et al. developed a novel oxygen sensor for working at a relatively low potential by the physical adsorption of hemin on an aligned CNT electrode [201] . They found that CV of the hemin-modified MWNTs electrode in pH 7.4 PBS clearly showed the dioxygen reduction peaks close to 0.0 V (versus Ag|AgCl). 3.7.2. Carbon Nanotube Nanoelectrode Arrays. At low density, the CNT ensembles possessed the electrochemical properties resembled the microelectrodes, which were denoted as CNT nanoelectrode arrays (NEAs). To make each nanotube work as an individual nanoelectrode, the spacing needs to be sufficiently larger than the diameter of the nanotubes to prevent diffusion layer overlap with the neighboring electrodes. In contrast to the conventional scale aligned CNT ensembles at high density, the size reduction of each individual electrode and the increased total number of electrodes result in improvements in both the signal-tonoise ratio and detection limits (DLs). A typical procedure for preparing CNT-based NEAs included the direct CVD growth of well-aligned CNTs with low density, the coating of the CNT layer by insulating materials (e.g., epoxy) and the removing of the protruding parts of CNTs by polishing. Sometimes, the CNT-based NEAs were further electrochemically activated by applying a potential bias 1.0 M NaOH for a certain period to obtain functional groups like carboxyl groups. The major works regarding the construction of CNT-based NEAs were done by Ren [28, [202] [203] [204] and Meyyappan [205] [206] [207] . Ren et al. firstly fabricated CNT-based NEAs from low site density aligned CNTs by plasma-enhanced CVD on Ni nanoparticles made by electrochemical deposition [202] (Figure 11 ). They found that each nanotube was separated from the nearest neighbor by several micrometers and NEAs of 1 cm 2 consisted of up to millions of individual nanoelectrodes, each with a diameter of 100 nm. Based on this method, they further constructed a glucose electrochemical biosensor through the covalent immobilization of GOx on the ends of CNT NEAs that were activated in 1.0 M NaOH at 1.5 V for 90 seconds beforehand [28] . The CNT-based NEAs were also used successfully by Ren et al. for the voltammetric detection of trace concentrations of lead (II) [203, 204] and cadmium(II) [204] at ppb level. Meyyappan et al. mainly focused on the construction of ultrasensitive DNA sensors from CNT-based NEAs. Based on the signal change of the electrochemical indicator, Ru(bpy) 3 2+ , before and after the hybridization of the oligonucleotide probes that were covalently attached to the open ends of CNTs with the target oligonucleotides, ultrasensitive determinations of DNA/RNA were achieved with low detection limits of nM level [205] [206] [207] .
Carbon Nanotube-Based Electrochemical Sensors for Electroanalysis
Although possessing the electrochemical properties similar to edge plane pyrolytic graphite electrodes, CNTs still have some overwhelming advantages for fabricating carbon material-based electrochemical sensors, including the good conductivity, the good biocompatibility, the large specific area, the well-defined nanotube structure, the modifiable surface, the functional groups on the surface with pretreatments and the capacity of being solubilized or dispersed in solutions. Based on these unique properties, numerous works have been dealt with CNT-based electrochemical sensors, which can be mainly divided into two kinds: the nonenzymatic and the enzymatic CNT-based electrochemical sensors.
Carbon Nanotube-Based Nonenzymatic Electrochemical Sensors

Carbon Nanotube-Based Nonenzymatic Electrochemical Sensors for Biomedical Analysis
(1) Thiols. Aminothiols are of physiological importance as biological agents and metabolites. The levels of these compounds in biological matrices such as plasma and urine are valuable biomarkers in a number of clinical situations. Increased levels of HcySH and CySH are associated with risk of cardiovascular diseases. The ratio of GSH to glutathione disulfide (GSSG) indicates the redox status of cells. In addition, N-acetylcysteine is an important mucolytic agent used to reduce the viscosity of pulmonary secretions in respiratory diseases. A substantial challenge to the development of electrochemical methods for thiol detection was that the direct oxidation of thiols at solid electrodes is slow and usually large overpotentials are required [171] . Recently, Cao et al. reported the direct determination of LCySH and GSH at a MWNT modified electrode [208] . They found that the CNT-modified electrode exhibited efficiently electrocatalytic oxidation for L-CySH and GSH with a relatively high sensitivity, stability and long-life. Coupled with high performance liquid chromatography (HPLC), this electrode was utilized for the amperometric detection of these thiols. The peak currents of L-CySH and GSH were linear to their concentrations ranging from 3.0×10 −7 to 1.0× 10 −3 M with the calculated detection limits (signal-to-noise ratio (S/N) = 3) of 1.2 × 10 −7 and 2.2 × 10 −7 M, respectively. This method was successfully applied to the content estimate of L-CySH and GSH in rat striatal microdialysates. This work paved the way to determine thiols by CNT-based electrochemical sensors. Since then, many works regarding the determination of thiols by electrochemical methods used CNTs to construct the working electrodes. In general, these CNT-based electrochemical sensors were constructed from two types of sensing materials: CNTs and Pt-CNT composites.
(a) Unmodified Carbon Nanotube-Based Electrochemical Sensors. The electrochemical behavior of CySH at CNT powder microelectrodes (CNTPMEs) was investigated by Zhao et al. [175] . In contrast to the absence of signals at a GCE and a graphite powder modified powder microelectrode, CySH exhibited a sensitive oxidation peak at around 0.58 V (versus SCE) in 0.2 M H 2 SO 4 at a CNTPME, indicating the strong ability of CNTs to improve the electrochemical response of CySH. Chen et al. reported the fabrication of a CNTbased microdisc electrode by mixing MWNTs with epoxy for a specially designed miniaturized capillary electrophoresis (CE)-amperometric detection system for the separation and detection of several bioactive thiols [171] . The end-channel CNT amperometric detector offered favorable signal-tonoise characteristics at a relatively low potential (0. [163] . HcySH showed a well-defined electrochemical signal emerging at +0.28 V and a current plateau at +0.64 V on the CNTP electrode. In contrast, the HcySH response obtained at the carbon paste electrode showed only a slight increase in the oxidation current at +0.40 V. The sensitive determination of HcySH was also achieved by Gong et al. at a CNT-modified GCE [70] . Cyclic voltammetric results clearly showed that CNTs, especially those pretreated with HNO 3 , possessed an excellent electrocatalytic activity toward the oxidation of HcySH at a low potential (0.0 V versus Ag|AgCl). The remarkable catalytic property of acidpretreated CNTs was believed essentially associated with oxygen-containing moieties introduced on the tube surface. Zhang et al. also studied the electrochemical behaviors of GSH and GSSG at an acid-treated MWNT modified GCE [42] . They found that the functionalized CNTs exhibited efficiently electrocatalysis on the current responses of GSH and GSSG. Recently, Salimi et al. reported the electrochemical responses of three thiols, thiocytosine, GSH and L-CySH, at a CNT-modified GCE constructed by abrasive methods [185] . They found that the overpotentials of these species were apparently reduced along with a dramatic increase in the peak currents in comparison to bare GCE. Furthermore, the thiols amperometric responses of the coated electrodes were extremely stable, with more than 95% of the initial activity after 30 minutes stirring of 0.1 mM thiols. [209] . The GCE modified with this nanocomposite was used for the measurement of thiols, such as L-CySH and GSH. Compared with the MWNT or Pt microparticle modified electrode, the nanocomposite modified electrode exhibited high sensitivity and good stability for detection of thiols, which was successfully applied to the HPLC-electrochemical detection (ECD) system for the determination of L-CySH and GSH in rat striatum. The electrochemical behavior of L-CySH on the Pt/CNT electrode was investigated by Fei et al. using cyclic voltammetry [210] . In that work, CNTs were grown directly on graphite disk by CVD, and Pt was electrochemically deposited on the activated CNT/graphite electrode by electroreduction of Pt(IV) complex ion on the surface of CNTs. Among graphite, CNT/graphite, and Pt/CNT electrodes, the improved electrochemical behavior of CySH oxidation was found with the Pt/CNT electrode.
(2) Carbohydrates. Electrocatalytic oxidation of carbohydrates is of great interest in the points of view ranging from medical applications of the blood glucose sensing to ecological approaches (e.g., waste-water treatment in food industry). Most previous studies on this subject involved the use of GOx, which catalyzes the oxidation of glucose to gluconolactone. However, due to the intrinsic nature of enzymes, such enzyme-based sensors suffer from the stability problem. Thus, great efforts are made to achieve direct determination of carbohydrates. Ye et al. recently reported the direct electrocatalytic oxidation of glucose in alkaline medium at well-aligned MWNT electrodes [193] . Compared to GCE, a substantial (+400 mV) decrease in the overpotential of the glucose oxidation reaction was observed at MWNT electrodes with oxidation starting at ca. +0.10 V (versus 3 M KCl-Ag|AgCl). The only problem of using this electrode for the direct determination of glucose was the serious interferences from some electroactive biomolecules like UA and AA, which might coexist in real biological samples. Deo et al. also reported on the electrocatalytic oxidation of carbohydrates at glassy carbon electrodes modified with SWNT coatings [69] . They found that the oxidation processes of four carbohydrates, including galactose, fructose, mannose and xylose, started around +0.25 V in 0.1 M NaOH solution. Moreover, the amperometric responses of these species at the CNT-modified electrodes were extremely stable, with no loss in sensitivity over a continuous 2-hour operation.
Besides unmodified CNTs, the composites made up of copper particles and CNTs were also used by several works to achieve the electrooxidation of carbohydrates. Male et al. reported a copper decorated CNT-based electrochemical sensor for the deterimiation of carbohydrates [72] . In that work, copper (Cu) nanoparticles (4-8 nm in diameter), prepared by using sodium borohydride to reduce copper dodecyl sulfate (Cu(DS) 2 ), were used with SWNTs to fabricate electrochemical sensors. Nafion was used to solubilize SWNTs and displayed interactions with Cu nanoparticles to form a network, connecting Cu nanoparticles to a glassy carbon (GC) or Cu electrode surface. The composite of SWNT/Cu nano gave a much enhanced current response at +0.65 V with a relatively low starting oxidation potential (+0.3 V versus Ag|AgCl (3 M NaCl)) in comparison to the GC electrode modified by either Cu nanoparticles or SWNTs alone. Similar results were observed from amperometric detection when 0.1 mM glucose was detected at +0.65 V.
The current responses for other saccharides (100 μM) were analyzed and compared to the glucose response. The monosaccharides, galactose (120%), arabinose (94%), xylose (109%), fructose (99%), and mannose (97%) gave similar responses as glucose. However, the current signal was lower for the dissacharides (i.e., maltose (50%), lactose (56%), sucrose (39%), trehalose (28%) and the trisaccharide raffinose (56%)).
(3) Electroactive Microbiomolecules. The determination of neurotransmitters and other important microbiomolecules is of considerable significance in biochemical and clinical diagnosis. Generally, these species are electroactive, providing a simple but sensitive way for their determination by electrochemical methods. However, owning to the overlapping of the oxidation potentials of these species, it is difficult to selectively determine them at bare electrodes. To overcome this obstacle, various materials have been used to modify the bare electrodes. Among these modifiers, CNTs have become the most outstanding material and most recent works on the determination of the microbiomolecules employ CNTs as the sensing materials.
(a) Unmodified Carbon Nanotube-Based Electrochemical Sensors. The work regarding the enhanced electrochemical response of some biomolecules at CNT electrodes was firstly reported by Luo et al. [16] . In contrast to the poor response at bare GCE, DA exhibited a pair of well-defined redox peaks at SWNT modified GCE. Similar enhanced signals of AA and NE were also observed at the modified electrodes. Since then, many works focused on the selective or simultaneous determination of these species at CNT-modified electrodes (Table 1) .
(b) Carbon Nanotube Composite-Based Electrochemical Sensors.
The selective determination of the electroactive microbiomolecules was also performed at CNT composite modified electrodes. Compared with CNTs, the combination of CNTs with other components not only provides higher stability and better uniformity of the composite films but also endows the composite films with the unique properties of both components. A typical example is that the composite films made up of CNTs and Nafion can effectively eliminate the interference of negatively charged AA on the determination of other species due to the exclusion of AA from the electrode surface by a negatively charged Nafion film. Table 2 lists the recent works on the determination of electroactive microbiomolecules at CNT composite films modified electrodes.
(4) Amino Acids. Amino acids detected by electrochemical methods are generally electroactive and usually contain phenol moieties. Xu et al. prepared a MWNT film-modified electrode and coupled this electrode to an ion chromatography system for the simultaneous determination of oxidizable amino acids, including CySH, tryptophane and tyrosine [217] . The results show that the peak currents responded linearly to the concentrations of these analytes when the [51] . Compared with a bare electrode, the oxidation peak current of tryptophan was obviously increased, and the peak potential negatively shifted. Under the chosen conditions, the DPV peak current was linear to the concentration of tryptophan in the range of 2.5 × 10 −7 ∼ 1.0 × 10 −4 M, and the detection limit was 2.7 × 10 −8 M. The voltammetric response of tryptophan at a SWNT modified GCE was also studied by Huang et al. [97] . In pH 2.5 Na 2 HPO 4 -citric acid buffer, tryptophan yielded a well-defined and very sensitive oxidation peak at about 1.08 V at the SWNT-film coated GCE. The oxidation peak current increased greatly and the peak potential shifted toward the negative direction at the SWNT-modified GCE in contrast to that at the bare GCE. Under optimized The electrochemical determination of traditionally "nonelectroactive" amino acids was also performed by Deo et al. at a SWNT modified electrode that was coated by a nickel hydroxide film [74] . The determination process was achieved through the electrocatalytic oxidation of these amino acids at the Ni(OH) 2 layer that was electrodeposited on surface of SWNTs. In the presence of amino acid, the Ni-CNT layer underwent an electrocatalytic process in which amino acids reduce the newly formed NiO(OH) species. The results showed that under flow injection analysis conditions, a linear response was observed from 10∼80 mM arginine with a detection limit of around 1 mM (based on S/N∼3). This electrode was also applied to the detection of other amino acids like histidine, lysine, asparagine, methionine and phenylalanine.
Carbon Nanotube-Based Nonenzymatic Electrochemical
Sensors for Drug Analysis. The development of sensitive analytical techniques of drugs has drawn much attention due to the promising applications in environment protection, pharmacology and biomedical studies. However, due to the chemical stability and the large bodies, the responses of these substances were generally weak at common bare electrodes. To improve the detection sensitivity, various nanomaterials are employed to fabricate modified electrodes with high performance. Among these materials, CNTs have also been widely to improve the sensitivity of some drugs. Compared with other nanomaterials, CNTs have some advantages, such as good conductivity and strong electrocatalytic activity. The enhanced adsorption of some water insoluble or conjugated drugs on the hydrophobic and π-conjugated sidewalls of CNTs contributes to the sensitive determination of these species at CNT electrodes. Table 3 lists the applications of CNT-based electrochemical sensors for drug analysis.
Carbon Nanotube-Based Enzymatic Electrochemical Sensors
Carbon Nanotube-Based Enzymatic Electrochemical
Biosensors for Electroanalysis. The incorporation of enzymes in a transducer allows one to fabricate enzyme electrodes which exhibit high selectivity, high-sensitivity and longterm stable response to bioanalytes. Many different materials and methods have been used to immobilize enzymes on the electrode surfaces, such as sol-gels, carbon pastes, conductive polymers and recently nanostructured materials.
Of particular interest is the use of CNTs as an electrochemical transducer, due to the excellent electron transfer rate, the well-defined nanostructure, the good biocompatibility, and the modifiable surface allowing biomaterial immobilization of CNTs.
(1) Glucose Oxidase. Among all the enzyme-based biosensors, glucose biosensors are most widely studied because the diagnosis of diabetes mellitus requires an accurate monitoring of blood glucose levels. Most of the amperometric glucose biosensors are based on glucose oxidase (GOx), which catalyzes the oxidation of glucose to gluconolactone: (a) Electropolymerization Embedment. Electropolymerization represents an attractive and well-controlled one-step avenue for preparing amperometric enzyme electrodes. The main advantages of this immobilization avenue are the simple one-step preparation, exclusion of electroactive and surface-active interferences, control of film thickness, and localization of biocatalysts onto tiny electrode surfaces [189] . The electropolymerization of some monomers on the surface of CNTs provided a simple but effective approach for the immobilization of GOx on CNTs, including pyrrole, oaminophenol, o-phenylenediamine, and so on. In a typical immobilization process, GOx and the monomers are placed together in the supporting electrolytes on a certain ratio. GOx is then immobilized on the electrode surface via the physical entrapment of GOx within the electropolymerized film during the electropolymerization process. Gao et al. reported a glucose electrochemical biosensor through the immobilization of GOx on well-aligned CNTs via pyrrole electropolymerization [195, 196] . They prepared the biosensor by immobilizing GOx in the electropolymerization film of pyrrole through electrochemically oxidizing pyrrole monomer (0.1 M) in a pH 7.45 buffer solution containing 2 mg/mL GOx and 0.1 M NaClO 4 at a constant potential of 1.0 V for 1 minute at 10 • C. The oxidation potential of H 2 O 2 at this electrode (0.45 V versus Ag|AgCl) was found to be apparently lower than that at a gold electrode (0.65 V versus Ag|AgCl), providing a selective approach for glucose determination. Callegari et al. proposed a convenient and versatile strategy for the construction of glucose amperometric biosensors [230] . They prepared the sensors by the coimmobilization of GOx and a suitable redox mediator, namely ferrocenyl-derivatised SWNTs (FcSWNTs) within a thin polypyrrole film adsorbed onto the GCE surface. They found that Fc-SWNTs might provide preferential routes for the electrical wiring of the enzyme to the electrode, likely via the aligned ferrocenyl groups, and illustrate the potentialities of such redox-active CNTs for the elaboration of mediated biosensors. The coimmobilization of GOx on iron-phthalocyanine (FePc) functionalized wellaligned MWNTs by the electropolymerization of nonconducting polymers was performed by Ye et al. to prepare a glucose biosensor [198] . FePc on CNTs was used to electrocatalyze the oxidation of H 2 O 2 that was liberated by the enzymatic reaction of glucose. Wang et al. recently proposed a one-step method for the construction of glucose biosensors by applying a fixed potential (usually 0.7 V) onto a GCE that was placed beforehand in an aqueous solution containing CNTs, GOx and pyrrole monomer [189] . They found that the CNT dopant retained their electrocatalytic activity toward hydrogen peroxide to impart high sensitivity upon entrapment within the PPy network. The simultaneous incorporation of CNTs and GOx thus endowed amperometric transducers with biocatalytic and electrocatalytic properties and represented a simple and effective route for preparing enzyme electrodes. A similar method was used by Pan et al. to fabricate glucose biosensors except that additional supporting electrolytes were added to the electropolymerization solution [187] .
Blending of enzymes and some polymeric materials that are capable of forming uniform and stable films on electrode surfaces provides a convenient noncovalent approach for the immobilization of enzymes while maintaining the native properties and reactivities of enzymes. This makes the composite blending technique a potential tool for the development of new electrochemical biosensors. Leaching of the entrapped enzymes does not occur or occurs very slowly because these species usually have large bodies and possible interactions (e.g., electrostatic and hydrophobic interactions) between enzymes and the film matrices might exist. Several types of film matrices have been employed for constructing glucose electrochemical biosensors, including sol-gels, Nafion, and CHIT. However, due to their poor conductivity and film compactness, the performance of the biosensors fabricated from these species and enzymes were usually poor. This deficiency can be completely overcome by the incorporation of CNTs, which leads to the improvement of the conductivity and the diffusion process of the composite films. On the basis of the stable dispersion of CNTs in Nafion solutions, Wang et al. firstly studied the electrochemical behavior of H 2 O 2 at CNT-based electrodes [63] . In contrast to the absence of redox activity at a bare GCE over a wide potential range (−0.4 ∼ 1.0 V), the CNT-coated electrode was found to exhibit significant oxidation and reduction currents of H 2 O 2 with a rather low starting potential (around +0.20 V), providing a highly selective low-potential biosensing of glucose when GOx was immobilized in the CNTNafion composite. The excellent analytical performance of the CNT/Nafion/GOx electrode was further demonstrated by Tsai et al. [71] . They found that under optimal conditions, the glucose biosensor displayed a sensitivity of 330 nA/mM, a linear range of up to 2 mM, a detection limit of 4 μM, and a response time of <3 seconds. Zhu et al. fabricated an amperometric glucose biosensor based on an enzyme electrode modified by CNT/Pt nanoparticles [231] . GOx in gelatin was cross-linked by the use of glutaraldehyde (GDI). Compared with normal GOx/Pt electrode, the analytical property of GOx/CNT-Pt/GCE electrode was apparently improved, reflected by the lowered detection limit, overpotential and response time. Salimi et al. developed a glucose biosensor by introducing GOx into a sol-gel composite at the surface of a bppg electrode modified with MWNTs [183] . The CNTmodified electrode was found to offer excellent electrocatalytic activity toward reduction and oxidation of hydrogen peroxide liberated in the enzymatic reaction between GOx and glucose, enabling sensitive determination of glucose. The amperometric detection of glucose carried out at 0.3 V (versus SCE) in 0.05 M PBS (pH 7.4) showed a good linear response range of 0.2∼20 mM glucose with a low detection limit of 50 μM (S/N = 3). In addition, the response time of the electrode was less than 5 seconds when it was stored dried at 4
• C. The sensor showed almost no change in the analytical performance after operation for 3 weeks. Recently, Joshi et al. described the construction of amperometric biosensors based on the incorporation of SWNT modified with GOx into a redox polymer hydrogel [121] . The composite films were constructed by firstly incubating GOx in a SWNT solution and then cross-linking within a poly[(vinylpridine) Os(bipyridyl) 2 Cl 2+/3+ ] polymer film. Incorporation of GOx modified SWNTs into the redox polymer films resulted in a 2-10-fold increase in the oxidation and reduction peak currents during cyclic voltammetry.
(ii) Carbon Pastes. As a typical method, carbon pastes have been extensively used to prepare enzyme-based electrochemical biosensor because this method has some unique advantages, such as easy fabrication, low cost, wide potential window, high signal-to-noise ratio and retaining of enzyme activity. Recently, Rubianes et al. studied the electrochemical response of H 2 O 2 at a CNTPE by the hydrodynamic voltammetric method. Similar to that at the MWNTNafion/GCE [63] , the signals of H 2 O 2 were significantly improved at CNTPE in comparison with common carbon paste electrodes. And, decreases of 300 mV in the oxidation overpotential and 400 mV in the reduction overpotential were obtained for hydrogen peroxide, allowing the development of a highly selective and sensitive glucose biosensor without using any metal, redox mediator, or anti-interference membrane. Ricci et al. also prepared a Prussian blue (PB) modified CNTPE, which showed a high sensitivity toward hydrogen peroxide with a detection limit of 7.4 × 10 −6 M. Further, they fabricated a glucose biosensor by incorporating GOx into the paste, creating a sensitive tool for the detection of glucose in the range between 0.1 and 50 mM.
(c) Covalent Bonding. Although the noncovalent methods for fabricating CNT-based electrochemical biosensors have some advantages like easy fabrication and low cost, the poor stability and leaching of enzymes sometimes significantly influence the analytical performance of these biosensors. To overcome this limitation, great efforts have been made to covalently attach enzymes to the electrode surfaces via various methods and reagents. Xue et al. described a simple method for fabricating glucose biosensors by covalently attaching GOx onto a SWNT modified Pt electrode [232, 233] . The Pt/SWNT electrode was firstly activated with EDC in PBS with pH 5.5 for 1 hour, and then immersed in the PBS containing 5 mg/mL GOx at 4
• C for 12 hours. The resulting enzyme electrode was washed thoroughly with PBS and stored at −10 • C. This biosensor showed a stable amperometric response at a low applied potential (0.4 V versus SCE), a wide response range of pH (5.5-8.0) and good stability (kept 90% activity after 4 months) [233] . As mentioned above, Gooding et al. also covalently immobilized MP-11 on the open end of a SWNT array that was fabricated by self-assembling methods with the aid of EDC [150] . Hrapovic et al. [73] recently developed a highly sensitive hydrogen peroxide sensor by the incorporation of CNTs and Pt nanoparticles into the Nafion films on a GCE, which exhibited a linear range from 25 nM to 10 μM (R 2 = 0.997, sensitivity of 3.57 A M −1 cm −2 ), and also from 100 μM to 2 mM (R 2 = 0.996, sensitivity of 1.85 A M −1 cm −2 ), with a rather low detection limit of 25 nM (S/N = 3) (Figure 12) . They further prepared a glucose biosensor by cross-linking the GOx films that were dropped and dried on the CNT/Ptmodified GC electrode with 2.5% glutaraldehyde (GDI). This nanocomposite biosensor exhibited a rapid response (3 seconds), a low detection limit (0.5 μM, S/N = 3) and a wide linear range from 0.5 μM up to 5 mM with a sensitivity of 2.11 μA/mM. There was also an interesting work performed by Zhang et al. for the covalent immobilization of GOx on CNT composites using RTILs as the CNT dispersing reagent and N-succinimidyl acrylate (NSA) as both the surface modifier of CNTs and the functional sites for GOx covalent immobilization [123] . CNT-based electrodes to prepare glucose electrochemical biosensors, such as physical adsorption and coelectrodeposition. Wang et al. developed a novel biosensor, comprising of electrode of gold/MWNT-GOx (Au/MWNT-GOx) [199] . MWNTs were grown on n-type silicon substrates using an ASTeX microwave plasma system. After growth of MWNTs on silicon substrate, a thin gold film was E-beam evaporated on the top surface of MWNTs. Then, the silicon substrate was etched away using a mixture acid solution of HCl and HNO 3 . Finally, the electrode modified with MWNTs (Au/MWNTs) was put into the 0.1 M PBS containing GOx, and the GOx was immobilized by MWNTs. The biosensor showed a linear response to glucose concentration within the range from 0.05 to 13 mM with a low detection limit of less than 0.01 mM for glucose, suggesting MWNTs enhanced efficiency of electron transfer between GOx and electrode greatly, resulting in high sensitivity in detecting glucose. Loh et al. prepared a glucose biosensor by the physical adsorption of GOx on the poly(3,3 -diaminobenzidine) (PDAB) filmmodified electrode [197] . They firstly grew MWNTs (10-mm thick, erected) in a quartz furnace using ethylenediamine on 1-mm diameter tantalum substrates seeded with cobalt nanoparticles, which was further functionalized with DAB by the electropolymerization of DAB using a CV method and a self-limiting, very thin layer of polymer with NH 2 functional groups can be introduced onto the CNTs surface in one easy step. For immobilizing the GOx on the DAB-modified electrode surface, a second round of CV was then performed with GOx in the buffer solution to attach the GOx on the DAB-modified CNTs. They believed that the immobilization of GOx probably proceeded via entrapment within the highly porous wiring matrix of CNTs. This glucose biosensor had some overwhelming advantages, such as the low detection potential due to the lowered overpotential of H 2 O 2 at the CNT electrode and the absence of the concomitant oxidation of interferent molecules like AA and UA. Tang et al. fabricated a new amperometric biosensor, based on adsorption of GOx at the Pt nanoparticle-modified CNT electrode [200] . The CNT/graphite electrode (0.4 × 0.4 cm, geometry area 0.16 cm 2 ) was prepared by the CVD method and used as the working electrode. Using a standard threeelectrode cell, Pt nanoparticles were electrodeposited on the CNT electrode by the potential step deposition method from N 2 -saturated 7.7 mM H 2 PtCl 6 plus 0.5 M HCl aqueous solution. GOx immobilization was achieved by incubation for 12 hours in a GOx solution (500 U/mL) at less than 4
• C. The obtained GOx/Pt/CNT electrode was washed carefully with double-distilled water and dried at less than 4
• C, and then 0.5 wt% Nafion solution was cast on the surface of the resulting GOx/Pt/CNT electrode to avoid the loss of GOx in determination and to improve the anti-interferent ability. The excellent electrocatalytic activity and special three-dimensional structure of the enzyme electrode resulted in good characteristics such as a large determination range (0.1 ∼ 13.5 mM), a short response time (within 5 seconds), a large current density (1.176 mA/cm 2 ), and high sensitivity (91 mA M −1 cm −2 ) and stability (73.5% remains after 22 days). Lim et al. employed an electrodeposition method for the codeposition of GOx and palladium nanoparticles onto a Nafion-solubilized CNTs film [58] . The codeposited Pd-GOx-Nafion CNTs bioelectrode retained its biocatalytic activity and offered an efficient oxidation and reduction of the enzymatically liberated H 2 O 2 , allowing for fast and sensitive glucose quantification. The combination of Pd-GOx electrodeposition with Nafion-solubilized CNTs enhanced the storage time and performance of the sensor. An extra Nafion coating was used to eliminate common interferents such as UA and AA. The fabricated Pd-GOx-Nafion CNTs The quantification of cholesterol can be achieved via electrochemical detection of the enzymatically liberated H 2 O 2 . Guo el al. proposed a CNT-based amperometric cholesterol biosensor through the LBL deposition of PDDA and ChOx on an MWNT-modified gold electrode, followed by electrochemical generation of a nonconducting PPD film as the protective coating [145] . Due to the strong electrocatalytic properties of MWNTs toward H 2 O 2 and the low permeability of PPD film for electroactive species, such as AA, UA and acetaminophen, this biosensor exhibited high sensitivity and good anti-interferent ability in the detection of cholesterol with a linear range up to 6.0 mM and a detection limit of 0.2 mM. Tan et al. developed an amperometric cholesterol biosensor based on sol-gel CHIT/silica and MWNT organic-inorganic hybrid composite material [119] . They firstly prepared a Prussian blue-modified GCE (PB/GCE) by electrodeposition, followed by the casting of the aqueous mixture of MWNTs, sol-gel silica, CHIT and ChOx on the surface of PB/GCE. The analytical characteristics and dynamic parameters of the biosensors with and without MWNTs in the hybrid film were compared. The results showed that the analytical performance of the biosensor can be improved greatly after introduction of MWNTs. Shi et al. recently fabricated a novel H 2 O 2 sensor by intercalating Pt nanoparticle decorated CNTs (CNT-Pt) prepared using a chemical reduction method on the surface of a waxed graphite electrode [181] . The Pt nanoparticles at the waxed graphite electrode exhibited high catalytic activity for the reduction of hydrogen peroxide. Based on this, ChOx was immobilized with sol-gel on the CNT-Pt based electrode to construct a cholesterol biosensor, which was found to have excellent analytical performance for cholesterol detection with a rapid response (<20 seconds), a wide linear range of In this process, NAD + behaves as an enzymatic mediator. This section will firstly focus on the development of CNT-based NADH electrochemical sensors and then on the construction of dehydrogenases-based electrochemical biosensors.
(i) Carbon Nanotube-Based NADH Electrochemical Sensors.
The direct electrochemical oxidation of NADH is becoming more and more interesting since many dehydrogenases need it as cofactors to catalyze redox reaction. However, the direct electrochemical oxidation of NADH at a bare electrode takes place at high overpotentials, for example, the reported overpotential at pH 7.0 is about 1.1 V at carbon electrodes and 1.3 V at Pt electrodes. Many efforts have been made to reduce the overpotential of NADH electrooxidation. Musameh et al. [234] firstly reported the electrocatalytic oxidation of NADH at a GC electrode modified with disordered CNT coatings with a decrease of 490 mV in overpotential. Since then, many works dealt with the electrocatalytic oxidation of NADH at various CNT-based electrodes. Chen et al. studied the electrochemical behavior of NADH at an OCNT/GC electrode [192, 235] . They found that the direct electrocatalytic oxidation of NADH occurred at a much lower potential (at about 0.0 V) with high stability at an OCNT/GC electrode than at disordered CNT-modified electrode. A reduction of the overpotential of more than 600 mV was achieved, and the anodic peak currents increased linearly with NADH concentration from 2 × 10 −5 to 1 × 10 −3 M with a low detection limit of about 5 × 10 −7 M. Recently, Zhang et al. [236] developed a CHIT-CNT system by integrating the redox mediator Toluidine Blue O (TBO) and CNTs in CHIT for the determination of NADH. In that work, they firstly covalently attached TBO to CHIT via a twostep procedure and then solubilized CNTs in the aqueous solution of CHIT-TBO. The resulting mixture was cast on the surface of a GCE to form thin CHIT-TBO/CNT surface films. As compared to CHIT-TBO, the CHIT-TBO/CNT films displayed large amplification of a current due to the TBOmediated oxidation of NADH at −0.10 V. This was discussed in terms of the TBO/CNT synergy that resulted in the improved charge propagation through the CHIT-TBO/CNT matrix. The electrocatalytic oxidation of NADH was also achieved by Liu et al. at PANI/PABS-SWNT multilayer films [148] . MWNT/Teflon matrix [237] . The MWNT component offered a marked decrease in the overpotential for the oxidation of liberated NADH along with minimal surface fouling effects, hence allowing convenient low-potential stable detection of ethanol. Antiochia et al. developed a new mediated CNTP amperometric biosensor of fructose [238] . The biosensor was formed by a CNTP electrode modified with an electropolymerized film of 3,4-dihydroxy benzaldehyde (3,4-DHB), based on the activity of a commercial available D-fructose dehydrogenase (FDH) immobilized on an immobilon membrane placed on the top of the electrode surface. The biosensor response current was directly proportional to D-fructose concentration from 5 × 10 −6 to 2 × 10 −3 M with a detection limit of 1 × 10 −6 M. On the basis of the electrocatalytic oxidation of NADH at a CNT-CHIT composite film-modified GCE, Zhang et al. recently proposed a simple but useful approach for the fabrication of glucose biosensors by the incorporation of glucose dehydrogenase (GDH) into the CNT-CHIT films through the tethering of GDH to CHIT with GDI [103] ( Figure 13 ). The stability and sensitivity of the GC/CNT-CHIT-GDI-GDH biosensor allowed for the interferencefree determination of glucose in the physiological matrix (urine). In pH 7.4 PBS, linear least-square calibration plots over the range 5∼300 μM glucose (10 points) had slopes 80 mA M −1 cm −2 and a correlation coefficient 0.996. The detection limit was 3 μM glucose (S/N = 3). Another advantage of such electrode system was that oxygen did not influence its analytical performance. This was in contrast to oxidase-based electrodes that were prone to interferences from changing levels of oxygen in the samples. Rubianes et al. also studied the performance of enzymatic biosensors based on the immobilization of different dehydrogenase within a CNTPE prepared from MWNTs and mineral oil [167] . The strong electrocatalytic activity of CNTs toward the oxidation of NADH allowed an effective low-potential amperometric determination of ethanol, in connection with the incorporation of alcohol dehydrogenase/NAD + within the composite matrix. Compared to the analogous enzymatic CPEs, a great enhancement in the response was observed at the enzymatic CNTPEs.
(c) Other Enzymes. There were also some other enzymes used by several workers to prepare electrochemical biosensors, such as acetylcholinesterase, alkaline phosphatase, organophosphorus hydrolase, urease and tyrosinase. Based on the reversible Nernstian response of a SWNT modified electrode to analytes associated with solution pH change, Xu et al. constructed voltammetric urease and acetylcholinesterase biosensors by immobilizing the enzymes with a sol-gel hybrid material that was cast on the surface of the SWNT modified electrode [31] . These biosensors were used for the determination of urea and acetylthiocholine according the potential shift of the anodic peak of SWNTs. Moreover, the methods for preparing sensors and biosensors were simple and reproducible, and the range of analytes could be extended to substrates of other hydrolyases and esterases. Lenihan et al. proposed a new approach to the modification of CNTs with biomolecules for the development of nanoscale biosensors [239] . Alkaline phosphatase was immobilized on the surface of MWNTs utilizing an LBL methodology. CNTs were incubated with streptavidin, resulting in the formation of a protein layer on the surface of the nanotubes. Biotinylated alkaline phosphatase was then allowed to bind to streptavidin, anchoring the sensing protein onto the surface. Electrochemical biosensors were constructed by using carbon nanotubes compacted into 24 Journal of Sensors pellets. Electrodes constructed in this manner were observed to generate an electrochemical signal that was a function of substrate concentration. Trojanowicz et al. prepared pesticide paraoxon biosenors by the physical adsorption of organophosphorus hydrolase on the surface of MWNT modified working graphite ink electrode of the threeelectrode screen-printed sensing stripe [240] . Joshi et al. reported the fabrication of a disposable biosensor based on acetylcholinesterase-CNT-modified thick film strip electrode for organophosphorus (OP) insecticides [41] . The degree of inhibition of the enzyme acteylcholinesterase (AChE) by OP compounds was determined by measuring the electrooxidation current of the thiocholine generated by the AChE catalyzed hydrolysis of acteylthiocholine (ATCh). The large surface area and electro-catalytic activity of CNTs lowered the overpotential for thiocholine oxidation to 200 mV (versus Ag|AgCl) without the use of mediating redox species and enzyme immobilization by physical adsorption. The biosensor detected as low as 0.5 nM (0.145 ppb) of the model organophosphate nerve agent paraoxon with good precision, reproducibility and stability. HRP was also employed by several workers to prepare hydrogen peroxide biosensors. Xu et al. used MWNTs as a coimmobilization matrix for the incorporation of HRP and electron transfer mediator MB onto a GCE surface [241] . 
Carbon Nanotube-Promoted Direct Electron Transfer of Redox Proteins and Enzymes.
The direct electron transfer of redox proteins and enzymes at electrode surface has attracted more and more attention recently. These works are of great importance for studying the biological redox process, which can help us to understand the energy transform and the material metaboly in life action. But unfortunately, it is difficult for these macrobiomolecules to achieve direct exchange electron at electrode surfaces because they usually have big and complex structures with the redox centers deeply immersing in the bodies. Furthermore, the adsorption of these species at the electrode surface often results in the change of their native configuration and the consequent denature. Earlier, mediators were employed by some groups to improve the electron contact between enzymes and electrodes. However, using mediators generally makes the biosensors complicated and leads to a slow response. The development of mediatorless biosensors, thus, becomes the goal of extensive researches. The first work regarding the direct electron transfer of proteins at CNT electrodes was reported by Davis et al. in 1997 by the physical adsorption of horse heart cytochrome c (Cyt c) on CNTs [159] . Since then, many works focused on the achievement of the direct electron transfer of various redox proteins and enzymes at CNT electrodes, including hemoglobin (Hb) [46, 56, 77, 242] , myoglobin (Mb) [50, 52, 243, 244] , Cyt c [43, 53, 154, [245] [246] [247] , peroxidases (e.g., HRP [122, 176, 248, 249] , catalase (Ct) [34, 250] and MP-11 [122, 150, 251] ), oxidases (e.g., GOx [78, 152, [252] [253] [254] [255] , putrescine oxidase (POx) [256, 257] , xanthine oxidase (XOs) [258, 259] ), and so on.
(
1) Direct Electron Transfer of Redox Proteins and Enzymes at Carbon Nanotube Electrodes (a) Heme proteins
(i) Myoglobin. Myoglobin (Mb) is a small size heme protein with a molar mass of approximately 17 500, and it functions in both transport and short-term storage of oxygen. Due to its commercial availability and a well-known structure, Mb is considered to be an ideal model protein for the study of heme proteins or enzymes. Thus, the achievement of the direct electron transfer (DET) of Mb not only provides a convenient approach for fabricating Mb-based biosensors but also creates nice model systems for studying the biological functions of these proteins. Similar to other nanoscale materials, the good conductivity, the nanosized tubular structural and the functional groups make CNTs act as molecular wires to allow the electrical communication between the underlying electrodes and Mb. Recently Zhao's group developed a simple but effective method for the immobilization and the direct electron transfer of Mb at CNT-based electrodes [50, 52, 253, 254] . In a typical procedure, Mb was immobilized on the surface of a MWNT modified electrode by immersing the CNT electrode in an acetate buffer solution of Mb for a long period (e.g., 72 hours), followed by thoroughly washing with doubledistilled water to remove loosely bonded enzyme molecules. The resultant electrode exhibited a pair of well-defined redox peaks with cathodic and anodic peak potentials at 0.298 and 0.198 V (versus SCE), respectively. The shapes of the cathodic and anodic peak were nearly symmetric, and the reduction and oxidation peaks have the same heights, indicating a reversible process of Mb at this electrode. This biosensor was further used for the sensitive detection of nitric oxide (NO) [50, 254] , O 2 [253] , and H 2 O 2 [52] (Figure 14) .
(ii) Hemoglobin. Hemoglobin (Hb), functioning physiologically in the storage and transport of molecular oxygen in the blood of vertebrates, has a molecular weight of 64.000 to 67.000, and comprises four polypeptide subunits (two α and two β subunits), each of which has an iron-bearing heme within molecularly accessible crevices and has a similar structure. Although Hb does not play a role as an electron carrier in biological systems, it has been shown to possess enzyme-like catalytic activity. Similar to Mb, it is also an ideal [43] . The experimental data indicated that Cyt c can strongly adsorb on the surface of the modified electrode, and forms an approximate monolayer. The immobilized MWNTs can promote the redox of Cyt c, which gave reversible redox peaks with a formal potential of 81 mV versus SCE. Recently, Qu et al. [154] characterized the SWNTs submonolayer film that was prepared by electrostatically adsorbing nanotubes onto a 2-aminoethanethiol self-assembled monolayer (SAM) on a gold bead electrode using tapping-mode atomic force microscopy (TM-AFM). The results showed that the orientation of SWNTs on the SAM was horizontal and the surface coverage was quite low. However, this electrode was demonstrated to be capable of facilitating the direct electron transfer of Cyt c in solution. Zhao et al. also studied the direct electron transfer of Cyt c on a MWNT modified electrode [53] . In contrast to the time-consuming methods by immersing the CNT electrodes in the protein or enzyme solutions for a long period [50, 52, 243, 244] has been extensively investigated, due to its commercial availability and the well-known structure. HRP has been used as a typical model for studying the structural, kinetic and thermodynamic properties of peroxidases. The first work on the direct electron transfer of HRP was reported by Zhao et al. using CNT-based powder microelectrodes (CNTPME) [176] . The immobilization of HRP was achieved by mixing 1 mg CNT powder with 200 mL 0.1 M PBS solution containing 1 mg/mL HRP and packing the dry mixture into the microcaves of CNTPME. The resultant electrode exhibited a pair of reversible redox peaks −0.7 and −0.6 V in 0.1 M PBS (pH 7.0). It was found that the adsorbing HRP kept its catalytic activity to H 2 O 2 upon the immobilization on the CNT electrode. Cai et al. [248] also developed a HRP biosensor based on the method used for constructing Mb biosensors [77] . It was found that HRP underwent effective and stable direct electron transfer reaction and retained its catalytic activity toward H 2 O 2 . Based on the stable dispersion of CNTs in RTILs, Zhao et al. prepared a HRP biosensor by firstly dispersing HRP and MWNTs in an RTIL, then grinding the mixture to form a black gel and casting the gel on the electrode surface with spinning [122] . HRP coated by RTIL-modified gold and glassy carbon electrodes allowed efficient electron transfer between the electrode and the protein and also catalyzed the reduction of O 2 and H 2 O 2 .
(ii) Catalase. Catalase (Ct) is a redox enzyme, present in almost all aerobic organisms. It catalyses the disproportionation of hydrogen peroxide into oxygen and water without the formation of free radicals, so it serves in part to protect cells from the toxic effects of hydrogen peroxide. Catalase contains four equal subunits, and each of them has a molecular weight of 57.000 daltons and is equipped with a Fe (III)-protoporphyrin-IX. The direct electron transfer of Ct was mainly accomplished through physical adsorption approaches. Wang et al. recently studied the direct electron transfer of Ct at a gold electrode modified with SWNTs [34] . They found that a pair of well-defined redox peaks was obtained for Ct with the reduction peak potential at −0.414 V and a peak potential separation of 32 mV in 0.05 M PBS (pH 5.9). Both reflectance FT-IR spectra and the dependence of the reduction peak current on the scan rate revealed that Ct adsorbed onto the SWNT surfaces. Compared to other types of carbonaceous electrode materials (e.g., graphite and carbon soot), the electron transfer rate of Ct redox reaction was greatly enhanced at the SWNT-modified electrode. The peak current was found to increase linearly with the Ct concentration in the range of 8
×10
−6 ∼8 ×10 −5 M used for the electrode preparation. The catalytic activity of Ct adsorbates at the SWNT appears to be retained, as the addition of H 2 O 2 produced a characteristic catalytic redox wave. Similar direct electron transfer of Ct at a SWNT modified GCE was studied by Zhao et al. [250] .
(iii) Microperoxidase. Microperoxidase (MP-11) is an oligopeptide consisting of eleven amino acids and a covalently linked FeIII-protoporphyrin IX heme site. The direct electron transfer between MP-11 and electrodes can be used in biosensors and biofuel cells. In biofuel cells, the MP-11 modified electrodes are used as cathode materials to catalyze the reduction of oxygen. The direct electron transfer of MP-11 has recently been studied by Dong et al. in different CNT-based electrode systems [122, 251] . Based on the immobilization of enzymes in the RTIL-MWNT composite films, Dong et al. also studied the direct electron transfer of MP-11 at this film-modified electrode [122] . In 0.1 M PBS, a pair of well-defined redox waves was obtained, corresponding to the active FeIII/II center of MP-11 at E 1/2 [(E pa + E pc )/2 (versus Ag|AgCl)] = −0.25 V with a peak separation of 61 mV at a scan rate of 100 mV/s. This result was different from the report by Willner et al. at E 1/2 = −0.4 V (versus SCE), which was attributed to the fact that the redox active center in MP-11, an iron protoporphyrin IX, was not shielded by a polypeptide and was easily affected by the environments of the ionic liquids compared with other systems. They also studied the direct electron transfer of MP-11 by cyclic voltammetry at a GCE modified with MWNTs. In that work, MP-11 was immobilized by immersing the CNT electrode in 0.1 M PBS containing 1 mg/mL MP-11 at 4
• C for about 10 hours. The resulting electrode showed a pair of well-defined redox peaks with a formal potential at about −0.26 V (versus Ag|AgCl) in PBS (pH 7.0). The experimental results also demonstrated that the immobilized MP-11 retained its bioelectrocatalytic activity to the reduction of H 2 O 2 and O 2 .
(c) Oxidases
(i) Glucose Oxidase. Glucose oxidase (GOx), from Aspergillus or Penicillium, is a homodimer with a molecular weight of about 150 ∼ 180 kDa containing two tightly bound flavine adenine dinucleotide (FAD) cofactors and catalyzes the electron transfer from glucose to oxygen accompanying the production of gluconic acid and hydrogen peroxide. Industrially, it has been used in the production of gluconic acid. The most important application is in biosensors for the quantitative determination of glucose in body fluids, foodstuffs, beverages, and fermentation liquor. As mentioned above, although CNTs have been widely used to fabricate the GOx-based glucose electrochemical biosensors due to the excellent electrocatalytic activity of CNTs toward H 2 O 2 , few works accomplished the direct electron transfer between GOx and the underlying electrodes. Xu et al. recently studied the electrochemical behavior of GOx at a MWNT modified electrode by cyclic voltammetry [252] . They found that the MWNT electrode exhibited two pairs of redox peaks with formal potentials of −0.45 and −0.55 V (versus SCE) when immersed into 0.1 M PBS containing 2 mg/mL GOx for 2 hours, which were attributed to the responses from GOx in the solution and adsorbed on the MWNT surface, respectively. In addition, with the increase of scan time, the currents of both redox peaks decreased except that the redox peaks at −0.45 V disappeared after about 1 hour, and the redox peaks at −0.55 V tended to be a stable value. The reservation of adsorbed GOx at MWNTs foretells the possibility of immobilization of GOx on CNTs by physical adsorption. Wang et al. proposed a simple approach for the immobilization and the direct electron transfer of GOx at CNT electrodes [254] . The GOx modified SWNT (GOx/SWNT) electrode was prepared by just dropping 5 μL 1.0 × 10 −4 M GOx solution onto the surface of the electrode surface and allowing to dry under ambient conditions. The resultant GOx/SWNT electrode was rinsed firstly with water and then the working buffer solution prior to any measurements. A pair of well-defined redox peaks was obtained for GOx with the reduction peak potential at −0.465 V and a peak potential separation of 23 mV in 0.05 M PBS. The specific enzyme activity of GOx adsorbates at SWNTs was proved to be retained by spectral methods. Based on the facilitated dispersing of CNTs in water by CTAB [77] , Cai et al. fabricated a CNT-based GOx biosensor by firstly casting the mixture of CNT aqueous suspension and GOx phosphate buffer solution and fixing the resultant composite film with a Nafion coating [78] . Cyclic voltammetric results showed a pair of well-defined redox peaks, which corresponded to the direct electron transfer of GOx, with a midpoint potential of about −0.466 V (versus SCE) in the PBS (pH 6.9). The experimental results also demonstrated that the immobilized GOx retained its bioelectrocatalytic activity for the oxidation of glucose, suggesting that the electrode may find use in biosensors (e.g., it may be used as a bioanode in biofuel cells).
(ii) Putrescine Oxidase and Xanthine Oxidase. Besides GOx, the direct electron transfer of some other oxidases like putrescine oxidase (POx) and xanthine oxidase (XOx) was also investigated. Similar to other oxidases, POx is a rather big molecule (>200 kDa) with the redox center deeply inlaid in its structure, which reacts with biogenic amines (e.g., putrescine, cadaverine and histamine) with a certain degree of substrate specifically as follows:
Although feasible, the electrochemical measurement of H 2 O 2 at positive potentials usually suffers from the serious interferences from some electroactive micromolecules like UA and AA, even for CNT electrodes. The direct electron transfer of POx at CNT electrodes was mainly accomplished by Luong et al. [256, 257] . In their earlier work, POx was immobilized on the electrode surface by the deposition of a mixture of MWNTs, PDDA, APTES, and POx on the electrode surface and the coating of the resulting electrode by a Nafion film [256] . The use of APTES permits the adsorption of GOx on CNTs. They believed that nanoscale "dendrites" of MWNTs were reasoned to form a network, projecting outward from the electrode surface acting like bundled ultramicroelectrodes, thereby permitting access to the active site and facilitating direct electron transfer to the immobilized enzyme. This was demonstrated by the appearance of a pair of redox peaks for POx with an oxidation peak near −0.45 V and a reduction peak near −0.49 V (versus Ag|AgCl, 3 M NaCl) in 0.05 M PBS (pH 7.0). The direct electron transfer permitted the detection of putrescine at negative potentials, circumventing the interference of endogenous ascorbic and uric acids. Compared with the most common interfering species, such as spermine, spermidine, cadaverine, and histamine, a detection limit of 5 μM and a response of 20 times greater were found for putrescine. Later, Luong et al. further fabricated a POxbased biosensor through a covalent method [85] . In that work, MWNTs were dissolved in a mixture of APTES, Nafion and ethanol with sonication to get uniformly dispersed CNTs. The resulting mixture was dropped on the electrode surface and allowed to dry. Upon the enzyme preparation, a drop of the enzyme solution was dried on the CNT/APTES modified electrode and a certain volume of GDI was dropped on the resulting electrode to cross-link the enzyme with APTES. Similar to the noncovalent immobilization method [256] [152] . In the first method, native GOx was covalently attached to the ends of the aligned tubes, which allowed close approach to FAD and direct electron transfer to be observed with a rate constant of 0.3 s −1 . The second strategy was similar to the method proposed by Willner et al. [261] , that is, FAD was attached to the ends of the tubes and the enzyme reconstituted around the surface immobilized FAD. This latter approach allowed more efficient electron transfer to the FAD with a rate constant of 9 −1 . The direct electron transfer of both native and reconstituted GOx at aligned CNTs demonstrated the molecular wire role of CNTs in promoting the electron transfer of redox proteins and enzymes. Rusling et al. [156] investigated the electrochemical behaviors of HRP and Mb covalently bound to the ends of SWNT forest electrodes. Their data indicated that the "trees" in the nanotube forest behaved electrically similar to a metal, conducting electrons from the external circuit to the redox sites of the enzymes. The peroxidase activity of these enzymes was demonstrated, with detection limits for hydrogen peroxide in buffer solutions of ∼100 nM. The direct electron transfer of MP-11 covalently attached to aligned SWNT arrays was also examined by Gooding et al. [150] . It was found that although the enzyme also adsorbed along the hydrophobic walls of the nanotubes, the majority of the electron transfer was dominated by proteins immobilized on the electroactive ends of the nanotubes, which further supported the excellent electrochemical properties of the ends of the nanotubes. In addition, despite different distributions of tube lengths, the rate constants for heterogeneous electron transfer to the enzyme were essentially the same, demonstrating the efficiency of the shortened nanotubes as molecular wires. Jiang et al. recently studied the electrochemical redox processes of Cyt c at a SWNT modified electrode by in situ UV-vis and circular dichroism (CD) spectroelectrochemistry [39] . It was found that SWNTs can effectively decrease the effect of electric field on the configurational changes of Cyt c and stabilize the Met80-Fe bond of adsorbed Cyt c, and that electron transfer induced a more opening configurational change at SWNT/GCE than that at the bare electrode, which might be responsible for the direct electron transfer of enzymes on CNT electrodes and the retaining of their biocatalytic activity. The CNT-induced configurational change of enzymes has been verified by Gooding et al. [262] . Rate constants for direct electron transfer to GOx at CNT-modified electrodes and graphite electrodes suggest that the enzyme was partially denatured from its native configuration, thus bringing the redox-active center of the enzyme closer to the electrode and allowing appreciable electron transfer.
Carbon Nanotube-Based DNA Electrochemical Sensors.
Sequence-specific DNA detection has been a topic of significant interest due to its promising application in the diagnosis of pathogenic and genetic diseases. Electrochemical DNA biosensors are currently receiving considerable attention because of their high sensitivity, portability, low-cost and rapid response. Such devices rely on the conversion of the nucleic acid recognition processes into a useful electrical signal. Similar to other electrochemical sensors, the DNA electrochemical sensors benefit much from the use of CNTs based on the enhanced oxidation of the oxidable bases, the improved responses of the indicaters or the excellent properties of CNTs as the carrier platforms.
Fang's group has reported several CNT-based DNA electrochemical sensors for the determination of sequencespecific DNA over the last few years [188, [263] [264] [265] . In an earlier work, they developed a novel and sensitive electrochemical DNA biosensor based on MWNTs functionalized with carboxylic acid groups for the covalent DNA immobilization and the enhanced hybridization detection [263] . The MWNT modified GCE was fabricated from a simple casting method and oligonucleotides with the 5 -amino group were covalently bonded to the carboxyl groups of CNTs with the aid of EDC. The hybridization process on the electrode was monitored by DPV analysis using an electroactive intercalator daunomycin (DNR) as an indicator. The sensitive response of DNR at CNT electrode led to a significant increase of the hybridization signal of DNA compared to DNA sensors with oligonucleotides directly incorporated on carbon electrodes. Similar improved hybridization responses of DNA covalent immobilized on CNT electrodes were also observed by Wang et al. [266] and Kerman et al. [267] using MB and Escherichia coli single-strand binding protein (SSB) as the indicators, respectively. Wang et al. proposed an effective method for amplifying electrical detection of DNA hybridization based on CNTs carrying a large number of CdS particle tracers [268] . Such use of CNT amplification platforms was combined with an ultrasensitive stripping voltammetric detection of the dissolved CdS tags following dual hybridization events of a sandwich assay on a streptavidin modified 96-well microplate. Fang et al. also reported a new indicator free biosensing strategy for direct electrochemical detection of DNA hybridization by AC impedance measurement [264] . They firstly immobilized the oligonucleotide probes on a MWNT modified GCE through the entrapping of DNA as the sole counter anion during the electropolymerization growth of the PPy films. Before and after hybridization reaction with the complementary DNA sequences, a decrease of impedance values was observed as a result of the reduction of the electrode resistance. Hybridization amounts of the one-base, two-base and threebase mismatched sequences were obtained only in a 51%, 18% and 8.2% response when compared to that for the complementary matched sequence. Such unique response was attributed to the concomitant conductivity changes of the PPy-polymerized CNTs, and offered great promise for reagentless DNA hybridization analysis. Later, they further improved this method by adding zinc ions (Zn 2+ ) to the hybridization solution, resulting in the formation of metallized double-stranded DNA (M-DNA) that can significantly change the electrochemical impedance response [265] . Recently, Fang et al. reported a new sensitive electrochemical biosensor based on magnetite nanoparticles for monitoring DNA hybridization by using MWNT/PPy-modified glassy carbon electrode [188] . In such detection system, mercapatoacetic acid (RSH)-coated magnetite nanoparticles, capped with 5 -(NH 2 ) oligonucleotide, were used as DNA probe to complex a 29-base polynucleotide target (a piece of human porphobilinogen deaminase PBGD promoter from 170 to 142). Target sequence hybridized with the probe resulted in the decrease of the reduction peak current of DNR connected with probe. As mentioned above, Meyyappan et al. reported a novel approach for the fabrication of nanoelectrode arrays using vertically aligned MWNTs embedded within a SiO 2 matrix [205, 206] (Figure 15) . Based on the a low background and a small cell time constant of these nanoelectrodes, they prepared a highly sensitive DNA sensors by covalently attaching the DNA probes on the ends of the CNTs and monitoring the electrochemical response of Ru(bpy) 3 2+ mediator amplified guanine oxidation.
Wu et al. studied the electrochemical behaviors of DNA, guanine and adenine at a MWNT-DHP composite filmmodified electrode (MWNT-DHP/GCE) [95] . Compared with the undiscerned responses at the bare electrode, adenine and guanine exhibited a sensitive oxidation peak at 0.73 and 1.02 V on MWNT-DHP/GCE in 0.1 M PBS (pH 7.0), respectively. The responses were also observed for the hydrolyzed product of calf thymus DNA, providing a simple but sensitive method for DNA measurement. The enhanced oxidation of guanine and adenine residues in DNA was also observed by Wang et al. at a SWNT modified GCE [269] . On the basis of the enhanced oxidation of guanine on pretreated CNTPEs, Pedano et al. recently proposed an adsorptive stripping potentiometric method for the measurement of nucleic acids [164] . Trace (μg/L) levels of the oligonucleotides and polynucleotides can be readily detected following short accumulation periods with detection limits of 2.0 μg/L for a 21-base oligonucleotide and 170 μg/L for calf thymus dsDNA. The interaction between nucleic acids and CNTPE was demonstrated to be mainly hydrophobic.
Besides the application in DNA detection, CNTs were also used as the carrier platforms of DNA by several workers. Guo et al. examined the electrochemical characteristics of the covalent immobilization of calf thymus DNA molecules on MWNTs by EDC [45] . By studying the CV and the electrochemical impedance spectroscopy (EIS) of Fe(CN) 6 3− /Fe(CN) 6 4− , they found that most of calf thymus DNA are covalently immobilized on MWNTs via diimide-activated amidation between the carboxylic acid groups on CNTs and the amino groups on DNA bases, though the direct adsorption of the DNA molecules on MWNTs can be also observed. The studies on the interaction between DNA molecules and small biomolecules ethidium bromide (EB) implied that DNA molecules immobilized at the surface of MWNTs still had the ability to interact with small biomolecules. Based on the strong adsorption of PDDA on CNTs, Guo et al. also proposed an LBL method for the immobilization of DNA on the electrode surface and monitored the electrostatic assembly of DNA on PDDA modified CNTs by the piezoelectric quartz crystal impedance (PQCI) technique [44] . It was found that PDDA played a key role in the attachment of DNA to MWNTs and acted as a bridge to connect DNA with MWNTs, though the direct adsorption of DNA on MWNTs has been observed. Recently, He et al. introduced a new fabrication of DNA-CNT particles using the LBL technique on SWNTs [147] . PDDA, a positively charged polyelectrolyte, and DNA as a negatively charged counterpart macromolecule were alternatively deposited on the water-soluble oxidized SWNTs. Pure DNA/PDDA/SWNT particles can be prepared and separated by simple unltracentrifugation. An electrode modified by the DNA/PDDA/SWNT particles shows a dramatic change of the electrochemical signal in solutions of Ru(bpy) 3 2+ as a reporting redox probe. A preliminary application of the DNA-modified carbon nanotubes in the development of DNA sensors used in the investigation of DNA damage by nitric oxide was presented.
Conclusions and Perspectives
As a new type of carbonaceous materials, carbon nanotubes (CNTs) possess some unique properties that are much different from either the conventional scaled materials or other types of nanoparticles, such as the special and well-defined tubular structure of nanosizes, the excellent chemical stability, the modifiable surface and the strong electrocatalytic activity. These special properties foresee their promising applications in electroanalytical chemistry for constructing CNT-based sensors. The fact is that the modification of electrodes with CNTs has been observed to apparently improve the responses of substrates from small H 2 O 2 molecules to huge redox proteins. Most of current works mainly focused on the fabrication of randomly dispersed CNTbased electrochemical sensors and few reports deal with the fabrications of well organized nanostructures of CNTs. As a tubular nanomaterials, the key advantages of CNTs are their small diameter and huge length to diameter ratio that allows them to be used as molecular wires for facilitating electron transfer between proteins and electrodes or to be organized in a low density manner for using as a single nanoelectrode or nanoelectrode arrays with ultrasensitivity. Since the direct growth by CVD methods inevitably surfers from the need of rigorous conditions, development of simple physical or chemical immobilization methods that can control the orientation of CNTs on electrode surfaces has become a matter of great urgency.
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